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The goal of this project was to develop a mixed matrix membrane with enhanced 
properties for propylene/propane separations. To start with the project, one of the high 
performance 6FDA based polyimides was identified as the polymer matrix for the rest of 
the project. The chosen polymer (6FDA-6FpDA) was successfully synthesized in the 
laboratory.  
During the synthesis process the key objectives for high molecular weight and 
low polydispersity index polymer were identified. High molecular weight 6FDA-6FpDA 
was achieved via laboratory synthesis and was tested successfully.  
After successful synthesis of the high performance polymer, pure polymer dense 
films were tested for transport properties. One problem identified with 6FDA-6FpDA 
polymer films for propylene/propane separations was plasticization. A major objective of 
this research was to develop a method for plasticization suppression. A carefully 
controlled annealing procedure with high temperature permeation experiments was used 
in this research to suppress plasticization in a mixed gas environment.  To the best of our 
knowledge, this is for the first time plasticization suppression was achieved with pure 
polymeric membrane material for propylene/propane separations with pure and mixed 
gases. The observed mixed gas experimental selectivity was lower than the pure gas 




The last objective of this project was to successfully incorporate molecular sieve 
materials to form a mixed matrix membrane hybrid material with enhanced transport 
properties First, an ideal molecular sieve for propylene/propane separation was identified 
and characterized. AlPO-14 was chosen for this research following its success with 
propylene/propane pressure swing adsorption. Mixed matrix membranes were 
successfully produced and tested for enhanced transport properties. Both pure and mixed 
gas results showed promising results with enhanced propylene permeability and 
propylene/propane selectivity. The experimental results were modeled with the Cussler 
and Maxwell models. A modified Cussler model was presented in this work. This is the 
first time an enhancement in the transport properties with mixed matrix membrane for 
propylene/propane separations has been observed. This fundamental dense film work 
















1.1. Current Propylene Supply and Demand 
 
 Propylene is the second most important feedstock in the petrochemical industry 
behind ethylene [6]. Major propylene derivatives include plastics (polypropylene – PP), 
acrylonitrile, propylene oxide, cumene/phenol, oxo alcohols, acrylic acids, isopropyl 
alcohol, oligomers and other chemicals, which enable the manufacture of other chemicals 
and plastics. Some of these products are: propylene glycols for paints, automotive brake 
fluids and household detergent; polypropylene fibers for carpeting; ABS resins for 
telephones and automotive trim parts molded. Moreover, propylene is also consumed in 
refinery operations for gasoline production. Figure-1.1 shows product wise global 
propylene consumption.  
 
    
Figure-1.1: Propylene product consumption [1]  
 2
The global demand of propylene was 16.4 million tons in 1980. In 2005, it was 
approximately 68 million tons indicating a 6% average annual growth. This demand is 
expected to reach 81 million tons in 2010 (as projected by CMAI [2, 3, 4]). The increase 
in propylene demand is mainly driven by polypropylene demand which is expected to 
grow at 7%. Figure-1.2 shows the supply and demand projection by CMAI in million 
metric tons.  
 
 
Figure-1.2: Global demand of propylene as projected by CMAI [2] 
 
Propylene is largely a byproduct of ethylene production, which is the largest volume 
organic produced in the U.S. Generally, two grades of propylene are used – chemical 
grade (92-94 wt%) and polymer grade (99.0-99.8%). About 70 percent of this propylene 
is generated by steam crackers and 28 percent by refinery FCC units. Some other routes 




1.2. Propylene Production Overview 
 
As mentioned in the previous section, propylene is mainly produced as a 
byproduct of steam cracking process used to produce ethylene. In this process, a 
hydrocarbon mixture is preheated with steam to 6000C and then subsequently cracked at 
700 0C – 9000C.  This process produces 0.67 tons of ethylene and 0.33 tons of propylene 
for each ton of light olefin produced. Since ethylene is the main product of this process, 
this process is largely influenced by the ethylene demand and hence the availability of 
propylene is determined by the market demand of ethylene [2, 5].  
 
The second largest source of propylene is the FCC (fluid catalytic cracking) units, 
wherein the primary product of this operation is gasoline. Other co-products are dry gas, 
liquefied petroleum gas (LPG), decanted oil and coke. LPG is rich in light olefins.  The 
FCC process uses partially vaporized gas oil in the presence of a zeolite catalyst around 3 
atm pressure and a temperature of ~ 4500C – 6000C.  Conventional FCC unit yields 
around 4-7 wt% propylene. Since in both the cases, propylene is produced as a byproduct 
of ethylene/gasoline production, various methods of “on-purpose” propylene production 
methods have been extensively investigated recently due to the continuously increasing 
demand of propylene [2]. Some of these processes are highlighted below.  
 
Propane dehydrogenation is one of the most attractive options for on-purpose 
propylene production because propylene is the only product. Currently 2.5% of the 
worldwide propylene supply is produced via propane dehydrogenation. The Olefix® 
process developed by UOP is used mainly for this process (six out of eight currently 
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operating plants use Olefix® [2]). In this process, the endothermic reaction is carried out 
in the presence of a catalyst (for the Olefix® process it is platinum on aluminum catalyst).  
Another popular on-purpose propylene production technique is the “Methanol to 
Olefin” (MTO) process. In this process, propylene and ethylene are the main products 
with trace of C5 co-products. A second process, “methanol-to-propylene” (MTP) 
produces propylene and gasoline as products. MTO units can be well combined with the 
current FCC and steam cracking units. The UOP/HYDRO process, developed by UOP 
uses a silicoaluminophosphate catalyst (SAPO-34) for this conversion.   
 
1.3. Propylene/Propane Separations 
 
Although there is an increasing demand for on-purpose propylene production, 
steam cracking and FCC processes are still the main sources of propylene till date. 
Unfortunately none of these processes produces pure enough propylene that can be used 
directly. To achieve the desired grade of propylene, additional separation/purification 
steps are required. Currently, the separation of olefin and paraffin components is 
performed by cryogenic distillation, which is expensive and energy intensive due to the 
low relative volatilities of the components (b.p. of propylene is -470C and propane is  
-42.10C). The necessary columns are normally 300 feet tall and contain over 200 trays 
[5]. Due to the height of the column, two splitters are usually required instead of one. 
Around 1.2 x 1014 BTU/year energy is used for olefin/paraffin separations. The bottom 
product of C3 splitter tower is propane rich, while the overhead product is high purity 
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propylene. A typical propylene recovery unit from the co-products of FCC unit is shown 
in Figure-1.3.  
 
 
Figure-1.3: Propylene recovery unit [2] 
 
 
Due to the cost and complexity of distillation, membrane separation is gradually 
gaining popularity for propylene/propane separations. Baker predicts that the membrane 
market will reach $30 million by 2010 and $125 by 2020 for vapor/vapor gas separations 
[6]. In the case of propylene/propane separations, it is unlikely that a membrane unit will 
completely replace a C3 splitter because of the purity limitations, but it can obviously be 
used to debottleneck a process and increase the purity of the feed-stream of a C3 splitter.  
 
Another attractive application of membrane for propylene/propane separation is 
the use of a membrane unit in a polypropylene production plant. In a polypropylene 
reactor, propane enters as an impurity (99% propylene and 1% propane) and eventually 
builds up in the reactor. Propane buildup is controlled by continuously removing a 
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recycle stream which is then flared. With every mol of propane purged, 2-3 mol of 
propylene monomer is lost incurring a $1 million loss per plant every year [6]. A 
membrane unit installed before sending propane to flare is an attractive separation option. 
Figure-1.4 and Figure-1.5 show these two possible membrane applications for 
propylene/propane separations.  
 
 
Figure-1.4: Membrane unit installed as a hybrid process for propylene/propane 






Figure-1.5: Use of membrane unit to recover propylene in a polypropylene production 
plant [6, 8] 
 
 
Studies have shown that several polymeric membranes offer promising potential, 
but separation selectivity needs to be improved to be used as a cost effective separating 
membrane. Considerable research has been done in glassy polyimides, and polyimide-co-
polypyrrolones with polyimides based on 6FDA (4,4’-(hexafluorisopropylidene)dipthalic 
anhydride) exhibiting the best performance [8]. On the other hand, carbon molecular 
sieve and zeolite membranes potentially offer superior selectivities; however, they are 




This research aimed to increase the selectivity of propylene/propane separation 
through 6FDA based polyimides. A "mixed matrix" material approach has been used in 
this study to create a hybrid material with superior properties to the polymer membrane. 




















1.4. Research Objectives 
 
1. Identify and successfully synthesize a high performance 6FDA based 
polymer for propylene/propane separation.  
 
To surpass the pure polymer permeability and selectivity upper bound line, it is 
wise to select a polymer with intrinsically attractive properties on or near the upper 
bound.  An aspect of this project was to be able to synthesize high performing; high 
molecular weight polymer which can be used in future works as dopes for hollow fiber 
membranes. Commercially available polymers (e.g. Matrimid) are not on the upper 
bound, but three polymers 6FDA-DDBT, 6FDA-6FpDA and 6FDA-DAM respectively 
appear attractive [8]. The highest performing, yet easily bulk-processable, polymer from 
the above three materials is preferred for future hollow fiber production, since hollow 
fiber membranes provide high surface/area ratio. For a workable hollow-fiber dope high 
Mw is very desirable, since it enhances asymmetric membrane formation by increasing 
the chain entanglement. In addition, higher molecular weight tends to yield membranes 
with increased mechanical strength, compared to the relatively brittle membranes. Low 
molecular weight polymers therefore must be avoided by engineering the polymerization, 
imidization steps.  In this objective an easily processable, high molecular weight polymer 
will be chosen and synthesized. Several parameters during the synthesis process (e.g. 




2. Determine the efficacy of annealing and high test temperature to suppress 
plasticization.  
 
Propylene and propane tend to plasticize 6FDA based polymer at moderately high 
pressure at 350C. Plasticization occurs as a result of swelling in the polymer and as a 
result an upswing in the propylene permeability occurs, suppressing the selectivity. To 
suppress the plasticization phenomenon annealing the pure polymer dense films will be 
explored as an approach to stabilize the polymer and suppress excessive swelling in the 
presence of high pressure feeds.  High temperature permeation will be performed. We are 
planning to perform experiments at 350C and 700C. Systematic annealing of the samples 
will also be explored.  
 
This objective will cover extensive permeation characterization and analysis of 
the high molecular weight (low PI) 6FDA polymer based pure dense films. A detailed 
comparison between unannealed and annealed films will be shown. Optimization of the 
annealing temperature will also be explored. The effect of high and low molecular weight 
polymers in permeability and diffusivity will be shown via sorption and permeation dual 
mode model. Annealing effect in terms of plasticization suppression, permeability and 




 Results of pure gas sorption experiments using a pressure decay method with 
unannealed and annealed films at 350C and 700C will be discussed. These sorption 
experiments will be used to analyze the permeation data using the dual-mode model.  
 Mixed gas results will be explained and compared with the available literature 
data. Two models, dual mode model and bulk flow model will be used to analyze mixed 



















3. Demonstrate the efficacy of dispersed molecular sieve particles to increase 
the permeability-selectivity tradeoff performance of mixed matrix material 
beyond the existing pure polymer upper bound performance under realistic 
feed conditions at elevated pressure  (up to 400 Psia) and temperature (up to 
90 °C).  
 
The key objective in this study involves “mixed matrix” hybrid material approach 
with highly selective aluminophosphate molecular sieves. Aluminophosphate, AlPO-14 
group materials are planned for this work. Wilson et al synthesized AlPO-14 [10], a small 
pore aluminophosphate molecular sieve, which selectively adsorbed propylene and 
essentially excluded propane [9]. AlPO-14 has various crystalline structures essentially 
composed of tetrahedral AlO4 and PO4 units. Unlike zeolites, AlPO-14 does not have 
framework charge balancing cations. The pore window diameter of AlPO-14 is 3.8 A 
with a crystalline structure which is capable of excluding the entry of propane by a steric 
hindrance effect which prevents the propane from entering into the internal pore/channel 
structure, while allowing slightly more compact propylene [9].  
 
The efficacy of mixed matrix membrane in increasing the permeability-selectivity 
tradeoff performance of mixed matrix material beyond the existing pure polymer upper 
bound performance will be discussed. Selection of AlPO-14 and characterization of pure 
sieve properties will be discussed in details. Mixed matrix formation protocol will be 
described. Both pure and mixed gas results will be shown. Mixed gas results will be 
shown in two different temperatures 350C and 700C. Results from objective-2 will be 
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used as pure film properties for model prediction. The experimental results will be 
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The first part of this chapter describes the essential theories of membrane gas 
separations used through the entire research.  Permeation, sorption and dual mode gas 
transport properties have been described. Frame of reference model also has been 
described. In the later part of the chapter a summary of the polymeric gas separation 
background and the work so far in the field of the propylene/propane pure polymer gas 
separations has been described. Plasticization under the influence of condensable gases 
has also been discussed. Lastly, a synopsis of the ideal molecular sieves for 
propylene/propane has been discussed.   
 
2.2. Membrane Transport Properties 
 
 Two different types of membrane have been studied in this research: pure 
polymeric membrane and mixed matrix membrane. As mentioned earlier, mixed matrix 
membrane is a membrane combining polymeric material and inorganic molecular sieves 
where molecular sieves are dispersed in a continuous polymeric phase. The basic general 
mechanism for gas separations via these two membranes are same and are characterized 




Transport of gases through polymers occurs according to the solution-diffusion 
theory [1]. Gas molecules are introduced at the high pressure upstream side of the 
membrane where they “sorb” into the membrane. The amounts of sorption depend on the 
material and the gas penetrants. Gas molecules then diffuse through the membrane to the 
lower pressure side where they then desorb. Thermodynamic equilibrium on either side 
of the membrane is also considered during the transport process. Figure-2.1 shows the 
membrane solution-diffusion process schematically.  
 
 




Fick’s First Law governs the diffusion in the absence of bulk flow and is expressed as:  
 
CDJ ∇−=                                       [2.1] 
 
where J is the diffusive flux, D is the diffusion constant and C is the local gas penetrants 
concentration. Thus diffusion of gas penetrants in one dimension is given by: 
 
 




−=                                 [2.2] 
 
Permeability of a gas is defined as the flux normalized to the pressure difference of the 
membrane.    
 










.                   [2.3] 
 
where ∆p is the pressure difference across the membrane between upstream and 
downstream and l is the thickness of the membrane. The most common unit for 
permeation is Barrer where 1 Barrer = 10-10 cc.(stp)/(cm2.sec.cmHg). 
 
The external penetrant pressure pA and the equilibrium concentration within the 
membrane follow a linear relationship according to Henry’s law and can be expressed as: 
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                                                AAA pSC =                              [2.4] 
 
where SA is the sorption coefficient of a penetrant. The permeability coefficient of a 
penetrant then can be described as the product of a kinetic parameter, DA and a 



















)/( 12             [2.5] 
 
For a selected gas pair, the separation factor or the selectivity (the efficiency of a 
membrane) can be expressed as the ratio of the mole fractions of the two gas penetrant 
components A and B in the downstream and upstream yi and xi respectively, 
 
 







=α                                   [2.6] 
 
with a negligible downstream pressure compared to the upstream, the selectivity is 
known as ideal selectivity and is expressed as, 
 
























P*α                       [2.7] 
 
In other words, the selectivity can be explained as the product of mobility selectivity and 
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solubility selectivity. For a particular gas pair penetration, respective permeabilities are 





The sorption in glassy polymers is represented by a dual mode model, which 
accounts for penetrants in the normally densified and “microvoid” regions of the polymer 
matrix. Specifically, the model accounts for the differences in gas transport properties in 
both the idealized Henry’s law and Langmuir domains of a glassy polymer [5-7]. The 
Langmuir concentration CHA, for gas A, describes sorption in the “microvoid” or “holes” 
throughout the matrix, which are the packing defects in the non-equilibrium glassy 
matrix. The sorption in glassy polymers is given by [1], 
 
  
HADAA CCC +=                [2.8] 
 
The pressure dependence of permeability for a single component is given by:  
 
 









                        [2.9]   
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where kDA is the Henry’s law constant, C’HA is the Langmuir capacity constant, and bA is 
the Langmuir affinity constant. The C’HA term characterizes the amount of unrelaxed free 
volume in the glassy matrix accessible for additional sorption beyond that in a densified 
matrix, and it allows description of the non-equilibrium nature of such materials. The 
affinity constant, bA is the measure of polymer’s attraction for the gas penetrants to sorb 
into the excess unrelaxed volume. The sorption coefficient SA is then given by combining 
















                             [2.10] 
 
 
2.2.3. Diffusion In Polymers 
 
Gas molecules diffuse through a dense polymer membrane by random jumps from 
one position to the other. The schematic of diffusion is shown in Figure-2.2, in which λ is 







                                                                                                              λ 
 
 
Figure-2.2: Example of diffusion through polymeric membranes. λ is the length of 
random diffusion jump 
 
 
The rate of diffusion for a particular gas molecule depends on the frequency and the 
length of the random diffusion jump. In polymers, this is governed by the thermal 
fluctuations, which vary according to the polymeric chain structures. In case of glassy 
polymers, the thermal volume fluctuation is low giving much higher diffusion selectivity.  
 
Another important parameter for polymeric gas separations is the free volume of 
the polymer. The specific free volume is the difference between the specific volume of 
the polymer and the specific volume occupied by the polymeric chain. Free volume of a 
polymer can be tuned by introducing bulky groups. In this case, the diffusion rate of a gas 
becomes faster and the flux increases. Especially in the case of rigid glassy polymers, 
introduction of bulky functional groups increase the diffusion of a gas, providing a way 
to create a high performing polymer for a particular gas pair separation (high selectivity 





Like sorption, diffusion also can be expressed as by the dual mode model. The 
dual mode mobility model can be written as [1]: 
 
 













−=                        [2.11] 
 
Where DDA is the diffusion coefficient of A through the Henry’s law environments, and 
DHA is the diffusion coefficient of A through the Langmuir environments.  Combining 
this flux model with the sorption model allows one to develop an expression for the 
permeability of A for the case with pA upstream and a vacuum downstream, viz. 
 










                           [2.12] 
 
It is possible to fit the dual mode parameter for permeability versus pressure data with 
sorption parameters. The sorption parameters are calculated by fitting a curve of CA vs. 
pA. Equation 2.9 is used for sorption parameters. Once the sorption parameters are 
known, a plot of permeability versus pressure can then be constructed. The straight line 
fit of the above plot then directly calculates DDA and DHA for a particular gas. More 
detailed analysis of these parameters and observations with 6FDA-6FpDA polyimide are 
discussed in Chapter 5. 
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Another important application of the dual mode model is the prediction of mixed 
gas behavior [8, 9]. When a mixed gas is introduced in the upstream of a membrane 











                                 [2.13] 
 
where, A and B are two different gases (e.g. propane and propylene). In this case we can 
predict the permeability of gas A in a gas mixture.  The permeability equation for gas A, 
for the case of a vacuum downstream is then given by [8]: 
 










                           [2.14] 
 
Similarly, PB can be calculated and finally the selectivity for a mixed gas pair can be 
calculated simply by taking the ratio of two permeabilities (α = PA/PB). This model can 
be extended to the analysis of permeation data and is also known as the partial 






F ≡                                                 [2.15] 
 







=                                              [2.16] 
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KA is defined as the equilibrium relationship between the dissolved mode (Henry’s 





















2.2.3.1. Frame of reference/bulk flow model 
 
In all of the above derivations from Fick’s law, the frame of reference terms were 
not considered. In a mixed gas environment, the flux of each component can be very 
dependent of each other which are not considered in Equation 2.17 [10, 11]. In this 
environment, the flux of each component is the sum of the diffusive flux and the bulk or 
convective flux in a polymer. Equations 2.18-2.21 are the bulk flow contribution 
expressions in case of a mixed gas. In other words, when a mixture of propylene and 
propane is introduced in the membrane upstream, if the flux of propylene is large enough, 
its coupling with propane causes the diffusive and convective flux of propane to be of the 
same order of magnitude [10].  
 
                                         diffusionA
bulk
AA nnn +=                                       [2.18] 
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ρω ,)( −++=                              [2.21] 
 
In the normal case of a stationary membrane, the polymeric flux term is zero (nP). 
Replacing np with zero in Equations 2.19-2.21, the mutually dependent flux for each gas 





















































In the above equations, ω is the mobile concentrations of the penetrants A and B. ωA and 




































ωω                  [2.26] 
 
Once ωA and ωB are calculated, the following boundary conditions are then defined for 
the pressure and mobile concentrations for A and B for upstream and downstream of the 
membranes.  
 
upBBupAAupBBupAA ppppxat ,,,, ;;;;0 ωωωω =====  
 







The following flux expressions (accounting for the bulk flow effect) are then obtained 
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                                 [2.28] 
 
 
The above equations can be used to obtain the permeability using the frame of reference 
(Equation – 2.29). The process is an iterative where an initial guess value of r is guessed 
and then used to solve for nA and nB iteratively. A good guess value of r is the ratio of nA 
and nB neglecting the r term in the Equations 2.27 and 2.28 [10].  
 
 











                                            [2.29] 
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2.2.4. Sorption and Diffusion Through Molecular Sieves 
 
Zeolite and other aluminosilicate and carbon molecular sieves consist of ultra-
micropores. They are promising due to the discrimination capabilities of small molecules 
[12-17]. The sorption process follows the Langmuir sorption model and is similar to the 
Langmuir sorption in the polymer. In case of a molecular sieve, since there is no Henry’s 
densified region, solubility only comes from Langmuir sorption site. In this case, 











                                   [2.30] 
 
At high pressure, the sorption sites become saturated.  At steady state, the sorbed 
molecules diffuse through the molecular sieves via random jumps through the 
interconnecting channels. Zeolites separate gas pairs depending on the relative 
differences in the shapes and the sizes of the molecules. Figure-2.3 illustrates the 














Figure-2.3: Molecular sieving process for propylene/propane separations. 
 
 
2.3. Temperature Dependence of Gas Transport 
 
The temperature dependence of permeability for a given feed partial pressure is typically 












PP po exp   [2.31] 
 
where Po is a pre-exponential factor, Ep is the apparent activation energy for permeation, 
T is the temperature in Kelvin, and R is the universal gas constant. The temperature 



















Do is the pre-exponential factor, and Ed is the apparent activation energy for diffusion,  
which represents the energy required for a gas penetrant to jump between sorption sites 
within the polymer matrix. The Van’t Hoff equation is used to describe the temperature 









   [2.33] 
 
So is the pre-exponential factor, and ∆Hs is the apparent heat of sorption which reflects 
contribution from the temperature dependence in both the Henry’s region and the 
Langmuir regions.  
 
 As mentioned earlier, the permeability is the product of the diffusion and the 
sorption coefficients. Equation 2.32 and 2.33 can be combined to express permeability in 
an Arrhenius expression: 
 
                                                                    [2.33]                   
      
 
 











where, Ep = ED + ∆HS 
and Po = Do.So 
 
2.4. Plasticization In Polymeric Membranes 
 
Propylene and propane tend to plasticize glassy polymers even at a very low 
pressure (p = 2 bar) [18]. Plasticization occurs as a result of swelling in the polymer, 
leading to a result an upswing in the propylene or propane permeability. Plasticization 
usually undermines the selectivity. It is believed that as the sorption uptake in dissolved 
mode increases leading to a significant swelling in the matrix [19-28]. This swelling 
causes an increase in the fractional free volume (FFV) of the polymer. Due to this 
swelling, a significant increase in segmental motion is observed. This is reflected by an 
upturn in the permeability-pressure plot for a particular gas pair and both sorption and 
diffusion coefficients may deviate from the simple dual mode expressions described 
earlier in such case. The upturn pressure is known as the plasticization pressure. 
Although the permeability increases for a plasticized membrane, the selectivity decreases 
significantly due to the loss of diffusivity selectivity. In other words a plasticized 
membrane becomes less size selective. Figure-2.4 shows the response of a typical 
plasticized membrane. As shown in Figure-2.4, the permeability takes an upturn 
(propylene permeability is the red curve) and the selectivity decreases beyond the 
plasticization pressure. Propylene and propane, both being condensable, tend to plasticize 
polymeric membranes in case of a condensable membrane, since the amount of sorbed 





































































Figure-2.4: Plasticization response of a membrane 
 
The dual mode model does predict increase in diffusion coefficients with higher pressure, 
not associated with the swelled matrix [2]. This is shown in Equation-2.35.  
 
 
                                    
 
 





In a non-ideal situation, the observed Deff is much higher than the predicted Deff, 
calculated by Equation-2.35 due to the swelling and plasticization processes. 
Plasticization signifies a deterioration of the membrane ultimately making the membrane 
inefficient. In mixed gas feeds, as soon as the membrane plasticizes, the selectivity 
suffers heavily; thus it is important to test membranes with mixed gas compositions. An 
example of plasticization behavior is shown below [28], where Figure-2.5 shows the 
plasticization behavior of 6FDA-6FpDA with propylene observed by Staudt-Bickel and 
Koros. An upturn in permeability values around 3 atm propylene upstream pressure 






















Feed Pressure (psia)  
 
Figure-2.5: 6FDA-6FpDA plasticization behavior with pure gas. Tested at 350C [28]. 
■ – Propylene permeability, ● - Propane permeability. 
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 Figure-2.6 demonstrates this effect with a mixed gas propylene/propane 
permeation test done with a 50/50 propylene/propane gas mixture. The mixed gas 
selectivity in this case drops down to 7 from an originally starting value of 13 (around 




Figure-2.6: 6FDA-6FpDA plasticization behavior with mixed gas (50:50). Tested at 
350C.  ■ – Experimental mixed gas selectivity, ---- - Ideal propylene/propane selectivity. 
 
 
As seen from the above example, it is very important to have a stable polymeric 
membrane, which doesn’t plasticize under a mixed gas environment. In this research a 
post treatment annealing approach has been taken to suppress plasticization and is 
discussed in Chapter 5 in detail.  
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2.5. Polymeric Membrane Propylene/Propane Separations 
 
Polymers provide a range of desirable properties that are important for gas 
separation processes including low cost, high permeability, good mechanical stability, 
and ease of processing. However, polymeric membranes based on rubbery polymers have 
very low selectivity for olefin/paraffin (especially propylene/propane) separations. 
Tanaka et al. reported a selectivity of 1.7 for a polybutadiene membrane at 500C 
permeation temperature [29]. Ito et al reported a propylene/propane selectivity of 1.0 with 
silicone rubber membrane [30].  
 
A polymer material with a high glass-transition temperature (Tg), high melting 
point, and negligible crystallinity is generally preferred. Glassy polymers (i.e., polymers 
below their Tg) have stiffer polymer backbones and therefore force relatively larger 
molecules permeate the membrane more slowly. To increase the membrane selectivity, 
either the diffusivity or the solubility needs be enhanced. A rather general trade-off exists 
between permeability and selectivity is known as a polymer upper bound limit. Robeson, 
in 1991, defined the upper-bound of polymeric membranes for gas pairs such as O2/N2, 
CO2/CH4, H2/CH4, and others. In 2001, Burns and Koros identified the upper bound for 
C3H6/C3H8 separation at 35°C (Figure 2.7) [31].  The data were taken from a number of 
research studies and matched with a mathematical model. Table-2.1 shows a selected 























Figure-2.7: C3H6/C3H8 experimental upper bound based on pure gas permeation data 

























































Table-2.1: C3H6/C3H8 permeability and selectivity for different polymers 







[28] Staudt-Bickel and Koros 6FDA-mPD 35 3.8 atm 0.13 10 
[28] Staudt-Bickel and Koros 6FDA-IpDA 35 3.8 atm 0.58 15 
[28] Staudt-Bickel and Koros 6FDA-6FpDA 35 3.8 atm 0.89 16 
[31] Burns and Koros Matrimid
® 35 2 atm 0.10 10 
[31] Burns and Koros 
6FDA-
33’DMDB 35 1.1 atm 0.15 13.2 
[29] Tanaka et al. 6FDA-TrMPD (DAM) 50 2 atm 30 11 
[32] Okamoto et al. 6FDA-DDBT 50 2 atm 1.8 20 
[29] Tanaka et al. 6FDA-DDBT 50 2 atm 0.76 27 
 
 
A significant amount of research has been done on glassy polyimides for 
propylene/propane separations [28-32]. Among all these, polyimides based on 4,4’-
(hexafluorisopropylidene)dipthalic anhydride (6FDA) have exhibited the best 
performance. The upper bound is currently defined by the 6FDA-based polymers 
prepared from the TrMPD (DAM) and DDBT.  The ideal selectivities of these polymers 
are 11, 20 respectively at 50˚C. For 6FDA-DDBT, Tanaka et al. reported a selectivity of 
27 @ 50˚C and 15 @100˚C [29], which were thereafter clarified to be for aged films (2.5 
yrs) [33]. As mentioned earlier, Staudt-Bickel and Koros [28] also reported an ideal 
selectivity of 16 for the polyimide 6FDA-6FpDA. The report showed an increase in 
selectivity with a decrease of temperature from 308K to 298K; however, as noted earlier 
strong plasticization effects were seen at very low pressure for propylene at lower 
temperature. In 50:50 propane/propylene mixed gas experiments, the selectivity 
 38
decreased with increasing feed pressure by as much as 50% from ideal selectivity. 
Similarly most of the membranes for propylene/propane separations exhibit plasticization 
at a very low pressure (2-4 bar).As mentioned in the previous section, a successful 
systematic annealing approach has been taken in this research to suppress plasticization 
and is reported in Chapter-5.  
 
2.6. Separations With Mixed Matrix Membranes 
 
As mentioned in Chapter 1, to be able to successfully produce at least chemical 
grade propylene (~94% purity), propylene/propane selectivity of at least 16 is needed in a 
mixed gas environment [4]. None of the above mentioned polymeric materials 
demonstrates that high separation efficiency with propylene/propane for commercial use. 
All the numbers in Table-2.1 are for pure gas experiments. The selectivity is expected to 
reduce further in case of a mixed gas environment, resulting in a low performing pure 
polymeric membrane material.  
 
To achieve high enough permeability and selectivity, a mixed matrix membrane 
approach is proposed in this research.  It is noticeable from Figure-2.8 that pure polymers 
selectivity/permeability points lay on or below the upper bound line. On the other hand, 
inorganic materials have excellent membrane separation properties (carbon molecular 
sieve points on the upper-bound curve). Hybrid or “Mixed Matrix” materials comprising 
a mixture of inorganic domains in a traditional organic polymer are excellent candidates 
to overcome the “upper-bound” constraint associated with pure polymers. The most 
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common description of the performance of such materials is given by the so-called 

















PPPPPP                 [2.36] 
 
where P is the permeability, ΦD is the volume fraction of the dispersed phase, the MM 
subscript refers to the mixed matrix membrane, the M subscript refers to the continuous 
matrix, and the D subscript refers to the dispersed phase present at a volume fraction of 
ΦD.   The selectivity of the hybrid for component A vs. B is simply the ratio of the 




P , determined using PCA and 
PCB from Equation 2.36.  
 
For an ideal polymer-sieve matching, addition of a small volume fraction of 
sieves to the polymer matrix increases the overall separation efficiency significantly. The 
ideal polymer-sieve matching criteria have been described in Chapter-6 in detail. The 
interfacial region, which is a transition phase between the continuous polymer and 
dispersed sieve phases, is of particular importance in successful mixed matrix membrane 
formation [35-43].  Zeolites have been the most commonly used solid fillers in mixed 
matrix work. Almost all of the studies on zeolite/polymer mixed matrix membranes use 
commercially available large zeolite particles with particle sizes in the micron range as 
solid fillers. Recently use of nano-sized particle in mixed matrix membranes has been 
reported [37-38].  
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The type of morphology which forms at the interfacial region impacts a 
membrane’s separation properties.  The Maxwell model is illustrated in Fig. 2.8. As 
shown in Figure 2.8, the ideal mixed matrix membrane will exhibit both an increase in 
selectivity and permeability as the solid phase volume fraction is increased, and the 
Maxwell model can be used to estimate these separation properties [35]. For example, if 
we start with pure 6FDA-6FpDA polymer, which lies under the upper-bound curve, and a 
molecular sieve with a propylene permeability of 4 Barrer and a propylene/propane 
selectivity of 100, the mixed matrix permeability and selectivity will follow a Maxwell 
















Figure-2.8: A graphical representation of interfacial morphologies for MMM and their 







It is clear from the figure that a selectivity and permeability enhancement will be 
observed in the ideal case. Poor interfacial adhesion (“Sieve in a cage” or “Leaky 
interface”) can result in interfacial voids that are much larger than the penetrating 
molecules [43, 44]. Such voids destroy the selectivity enhancement due to addition of the 
sieving phase, reducing the overall selectivity of the mixed matrix membrane to the pure 
polymer value, and increasing the permeability due to transport through the interfacial 
voids (Figure 2.8). Another nonideal behavior corresponds to total plugging of the 
dispersed phase, so significant reductions in permeability with no change in selectivity 
results.  On the other hand, if a nanoscopic zone near the surface of the sieve has reduced 
permeability with equivalent or better selectivity to that of the intrinsic matrix; selectivity 
enhancement, along with reduced effective permeability relative to the Maxwell 
predictions is observed.   This situation is typically referred to as a “Rigidified Interface”. 
 
 
2.6.1. AlPO-14 for propylene/propane separations 
 
AlPO-14 has been successfully used for propylene propane separations via 
pressure and vacuum swing adsorption experiments by UOP [45, 47]. Padin et al 
demonstrated that propylene/propane separation is favorable with equilibrium isotherm 
since almost no amount of propane was sorbed by AlPO-14 [46]. Following the success 
of AlPO-14 with commercial PSA application, AlPO-14 group materials has been used 
for this work. Wilson et al synthesized AlPO-14 [10], a small pore aluminophosphate 
molecular sieve, which selectively adsorbed propylene and essentially excluded propane 
[45]. AlPO-14 has various crystalline structures essentially composed of tetrahedral AlO4 
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and PO4 units. Unlike zeolites, AlPO-14 does not have framework charge balancing 
cations. The pore window diameter of AlPO-14 is 3.8 A with a crystalline structure 
which is capable of excluding the entry of propane by a steric hindrance effect which 
prevents the propane from entering into the internal pore/channel structure, while 
allowing slightly more compact propylene [45]. Figure-2.9 shows the structure of AlPO-
14 with the diffusion paths for propylene. Table-2.2 shows that even for propylene 




Figure-2.9: AlPO-14 diffusion paths. Single cage bounded by eight 8-rings, consisting of 











[1,1,-1] Magenta 3.4 x 3.5 
[0,0,1] Gold 2.8 x 4.1 
[0,1,0] Blue 2.1 x 4.9 
[1,0,0] Yellow 1.9 x 4.9 
 
 
It is also worth mentioning that AlPO-14 has a high aspect ratio structure. The 
Maxwell model described in the previous section is not applicable in case of AlPO-14 
molecular sieves due to the high aspect ratio. In this case, another model is used for this 
research. This model is called the Cussler model and is used for the molecular sieves with 
aspect ratio higher than one [50]. Cussler model considers the enhancements in 
diffusivity for permeable sieves and is expressed by, viz: 
 
 



























                                   [2.37]  
  
where J0 is pure polymer flux across the membrane, J is the flux across the mixed matrix 
membrane. Ф is the volume fraction of the sieve in the mixed matrix membrane, AR is 
the sieve aspect ratio (defined as width/length) and δ is the ratio of diffusivity coefficient 
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of polymer to sieve. Please note that in the original Cussler equation, a term α was used 
instead of AR and was defined as α = AR/2. Since throughout this work α has been used to 
describe the selectivity, hence the new term AR was introduced to avoid any confusion. 
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MATERIALS AND EXPERIMENTAL METHODS 
 
3.1. Polymeric Materials 
 
 Polymeric materials studied in this work were synthesized in the laboratory. The 
material selection process was based on the transport properties of the polyimide for 
propylene/propane separations. Previous researches have shown initial promising results 
with 6FDA-6FpDA polymer [1, 2] that were promising. Bulky CF3 groups of these 
monomers provide molecular spacing, which is necessary to tune the selectivity of the 
polymer.  
 Moreover, this was also one of the highest performing polymers in the upper-
bound curve for propylene/propane separations [1]. Figure-3.1 shows the upper bound 
curve for this particular gas separation. In the case of 6FDA-DDBT polymer (Figure-3.1), 
Tanaka et al. reported a selectivity of 27 @ 50˚C and 15 @100˚C [3], which were 
thereafter clarified to be for aged films (2.5 yrs) [4]. The 6FDA-6FpDA data shown in 
Figure-3.1 were measured at 350C.  Initially, research was pursued with 6FDA-DDBT by 
Burns [1]; however, the work indicated that this material is not the preferred matrix 




















Figure-3.1: C3H6/C3H8 experimental upper bound based on pure gas permeation data 




 Following in the difficulty with 6FDA-DDBT, 6FDA-6FpDA was chosen for this 
entire research. A polycondensation reaction method was used for the synthesis process. 
To increase the molecular weight and the polydispersity index of the polymer, synthesis 
conditions were modified. The monomers, along with the catalysts and solvents, used for 
the synthesis processes (thermal and chemical imidization) are listed in Table-3.1. 
Figure-3.2 shows the structures of 6FDA-DDBT and 6FDA-6FpDA. Polyimide synthesis 
process is described in the next section.  
 
 








































Table-3.1: List of materials for polymer synthesis 
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process 

























O6FDA                       DDBT 
6FDA                       6FpDA 
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3.1.1. Polymer Synthesis 
 
 The 6FDA and 6FpDA monomers were purified by sublimation process before 
synthesis. The 6FDA monomer usually is more impure than the 6FpDA monomer. The 
importance of monomer purification has been described in detail in Chapter-4. Generally, 
sublimed monomers yield a higher molecular weight and lower polydispersity index 
polymer. Figure-3.3 shows the sublimation set-up used for this work. The synthesis 








Figure-3.4: Schematic of 6FDA-6FpDA synthesis reaction 
 
The polyimide was synthesized by a two step polycondensation reaction. In the 
first step a polyamic acid was formed by reacting dianhydrides and diamines (6FDA and 
6FpDA were added in a 1:1 stoichiometric ratio). The 6FpDA monomer was first 
dissolved in NMP solution (total NMP: monomer ratio is ~ 4:1) with the help of a stirrer. 
Once the 6FpDA was completely dissolved, the 6FDA monomer was added portion wise 
in 3-4 steps. This solution was then stirred under nitrogen a purge for ~18 hours for 
polyamic acid formation. For very high molecular weight polymer, the solution turned 
highly viscous within the first couple of hours of the reaction. Once the polyamic acid 
Thermal/Chemical 
Imidization 
Polyamic acid formation 
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was formed, the ring structure of the polyamic acids is closed via a condensation reaction. 
This was done by thermal or chemical imidization methods, which are discussed in detail 
in the next. 
 
3.1.2. Imidization  
 
Imidization process involves the dehydration of polyamic acids to form a 
polyimide (step 2 in Figure-3.4). This is generally carried out either thermally or 
chemically. In case of the thermal imidization process, the reaction solution was heated to 
a high temperature in the presence of a catalyst (ortho-dichlorobenzene). ODCB forms an 
azeotrope with water, which was then removed from the solution with a Dean-Stark trap. 
The temperature was maintained at 1800C for 18 hours. Omole et al. observed a 
molecular build up even after 18 hours of the imidization reaction (the molecular weight 
(Mw) rose from ~92,000 (at 18 hrs) to 103,000 (at 26 hrs)) [5].  The heat treatment of the 
thermal imidization process dehydrates the solution thus helping to remove all of the 
water molecules. However, there is a tendency to form chemical crosslinks between the 
polymeric or oligomeric chains at high temperatures; affecting the solubility of the polymers. 
This has been discussed in detail in the next Chapter.  
 
Chemical imidization is another way to complete the cyclization reaction of the 
polyamic acid. Researchers have typically used TEA (tri-ethyl-amine)/ pyridine as catalyst 
for this cyclization reaction with acetic anhydride as a dehydrating agent. In this process, the 
catalyst was added in the polyamic acid solution at room temperature. Once the catalyst was 
dissolved completely, the acetic anhydride was then added to the same solution. The amount 
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of acetic anhydride was determined by calculating the moles of water to be removed from the 
reaction (for each mole of 6FDA-6FpDA produced, two molecules of water were to be 
removed).  For this particular case, a 10% excess of acetic anhydride was added to the 
solution to ensure the complete ring closure. The catalyst and the dehydrating agent were 
added in a 1:1 ratio. In general, TEA or pyridine are used as the catalyst for cyclization 
reaction. The reaction was performed for ~18 hours and then the resultant polyimide solution 
was precipitated in methanol.  
 
TEA is a stronger base than pyridine (pKa of TEA is 10.7 and pKa of pyridines range 
from 4.9-6.6). Kudryavtsev observed a slower rate of imidization and longer induction period 
for TEA catalyst as compared to pyridine catalyst [7]. Additionally, triethylamine can react 
with polyamic acid carboxyls to form “salt-type” structures. To avoid any of the complexities 
mentioned here, beta-picoline (a derivative of pyridine) was used as a catalyst in this 
research. A detailed description of the complete procedure can be found in Appendix A. 
 
After successful imidization, the polyimide was precipitated in pure methanol. 
Previous researchers have used a mixture of methanol/water, but in this research pure 
methanol was used to avoid any hydrolyzing effects. The precipitate was then dried in the 
fume hood for one day before drying under vacuum for 12-16 hours at 2000C. Figure-3.5 
shows the different steps of synthesis process.  
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Figure-3.5: Synthesis process – (a) the whole set-up is purged prior to polyamic acid 




3.2. Molecular Sieve Materials 
  
 As mentioned in Chapter-2, AlPO-14 was used in this research as the sieve 
material for mixed matrix membrane formation in this work. AlPO-14 was graciously 
supplied by UOP. The sieves were dried at 1500C under vacuum for 12 hours to remove 
any moisture before use. Figure-3.6 shows the SEM pictures of AlPO-14 used in this 
work.  
(a) (b) (c) 
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Figure-3.6: SEM images of AlPO-14 used in this work. 
 
 
3.3. Experimental Methods 
3.3.1. Permeation   
Dense film permeation experiments were performed in this work. Both pure and 
mixed gases were tested with dense films.  
 
3.3.1.1. Dense film preparation – solution casting 
Dense films were prepared by dissolving the polymer in dichloromethane solution 
at 3 to 4 wt%. Polymers were dried in a vacuum oven for 12 hours at 1100C to remove 
any trace of moisture prior to solution preparation. The solution was extruded through a 
0.25 micron filter onto a Teflon® casting dish or inside a metal casting ring, on top of a 
level glass plate. The syringe was used to remove any contaminants from the polymer 
solution before casting. The dish with the polymer solution was covered with an inverted 
glass funnel and capped with a Kimwipe® (Kimberly-Clark Corporation; Roswell, 
Georgia), which acts as a plug to control the rate of evaporation of dichloromethane from 
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the membrane. Rapid solvent evaporation can result in uneven evaporation and thickness 
variations in the membrane.  Moreover, the funnel used to cover the glass plate also 
prevented any small contaminant particle from being trapped in the membrane at a 










Once the membrane was covered with the funnel, it was left for 12-24 hours.  Solvent 
was allowed to evaporate until the membrane was fully vitrified. The membrane was then 
removed from the glass plate and dried under vacuum oven at 2000C – 2100C for 12-18 






3.3.1.2.Dense film preparation – draw casting 
 
Draw casting method was used for mixed matrix membrane preparation. The 
polymer was dried at 1000C for overnight to remove any trace of water. AlPO-14 was 
dried in a vacuum oven at 1500C for 12-16 hours.  A 15-20 wt% polymer dope solution 
was prepared in dichloromethane solution in a 20 ml I-CHEM™ vial. To ensure the 
homogeneity of the polymer dope solution, the vial was rolled slowly overnight for a day. 
The dry sieves were placed in a 20ml I-CHEM™ vial and then dispersed in 
dichloromethane. Around 2 ml of dichloromethane was used per 100 mg of AlPO-14 
sieves. The solution was sonicated three times in 30 seconds intervals (Vibracell, Sonics 
& Materials). An ice bath was used to prevent a temperature rise during the sonication 
process. Once the sieves were well dispersed, they were primed with polymer.  The 
priming process helped the interaction of polymer and the sieve by coating with a small 
amount of polymer at a very dilute stage. The amount of polymer added was typically 
10% of the total polymer used in the final dope.  This solution was then placed on a roller 
and allowed to mix overnight.  Following the priming stage, the remainder of the polymer 
dope was then added to the solution and the solution was then rolled for one day before 
draw casting. The final dope had typically 13 to 17 wt% AlPO-14 in polymer.  The final, 
viscous casting dope was used to draw cast with a casting knife on a glass plate surface. 
If the dope was too dilute for draw casting, the vial was purged by nitrogen gas to 
evaporate some of the solvent [6].  
 
The casting process was carried out in a glove bag (Two-hand AtmosBag, 
Aldrich).  First, the glove bag was saturated with dichloromethane, which reduces the  
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rate of solvent evaporation of the membrane drastically. The bag was then allowed to 
equilibrate for around one hour and then the film was cast by pouring the viscous solution 
on the casting plate and drawing it with a casting knife. This process is illustrated by 
Figure-3.8.  The film was left in the glove bag until all of the solvent in the film had 
evaporated (12-24 hours). Films were removed using water and dried similarly as 










3.3.1.3. Pure gas permeation experiments 
 
All dense films were tested for their permeation properties by a constant volume, 
variable pressure permeation system. Gases were introduced in the upstream ballast and 
were allowed to permeate through a membrane. The downstream ballast was used to 
collect the permeate gas. Pressure increase in was recorded and a permeability coefficient 
in Barrer was calculated using Equation-3.1.  
 




   [3.1]  
 
Where, for a given gas A, (dp/dt) was in torr/min, was measured using a MKS Baraton® 
transducer. The permeation rate was adjusted for leaks by subtracting out a measured leak 
rate. Leak rates were measure for at least 12 hours. Before the leak test, the assembled 
membrane system was evacuated for 2-3 days. The volume, V (in cm3), is that of the 
downstream ballast and the driving force, pA, was the upstream pressure, since the 
downstream was maintained under vacuum prior to the test. The thickness, l (mils) of the 
film was measured using a micrometer (B.C. AMES Co.) and the area (cm2) was scanned 
using ScionImage® software package. The temperature of the permeation system was 
constant throughout the experiment. In addition to propylene and propane, oxygen and 
nitrogen permeabilities were also measured as benchmark gases. Figure-3.9 shows the 




Figure-3.9: Diagram of the high temperature high pressure system used for this research. 
 
Figure-3.10 and 3.11 show diagrams of the permeation cell used and the masking 
technique used in this research. The masking technique was developed by Cathy 






Figure-3.10: Permeation cell. Adapted from [8] 
 
 





3.3.1.4. Mixed gas permeation experiments 
 
Mixed gas experiments were performed with 50/50 and 75/25 propylene/propane gas 
mixtures. The gas cylinders were obtained from AirGas. In the case of mixed gas 
experiments, a stage cut of less than 1% was used to avoid concentration polarization [5]. 
The percentage of the feed that permeates through the membrane is called the stage cut. 
Permeate collected in the downstream ballast was sent to the GC (gas chromatograph) for 
further analysis. Areas obtained from the GC were then used to calculate the selectivity. 
Permeabilities of propylene and propane were calculated from the permeate flux.  
 
3.4. Sorption  
 
A pressure decay method was used for gas sorption measurements. In this 
method, the equilibrium sorbed concentration at a given pressure can be used to calculate 
the solubility coefficient. Before the sorption experiments the films or the molecular 
sieves were dried in a vacuum oven at 1100C to remove any trace moisture (sieves were 
dried at 1500C). After loading the sample in the sorption cell, the system was evacuated 
for 1-2 days. A known amount of the sorption gas was introduced in the reservoir cell of 
known volume. The reservoir cell was equilibrated thermally for around 2 hours. A water 
bath with a circulator was used to maintain the system at a constant temperature.   A 
pressure valve between the feed reservoir and the sample cell was briefly opened and 
then closed in order to introduce the reservoir gas into the sample cell.  The pressure in 
both chambers was monitored via pressure transducers. Once the gas reached 
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equilibrium, a mole balance was used to calculate the amount of gas absorbed by the 
sample. The pressure in the cell will decay progressively indicating gas sorption into the 
sample in the cell. Figure-3.12 shows the schematic of the pressure decay sorption 




Figure-3.12: Schematic diagram of the pressure decay sorption system [1]. 
 
 
3.5. Characterization Techniques 
3.5.1. Gel permeation chromatography (GPC) 
 
Gel permeation chromatography was used to analyze the molecular weight and 
polydispersity index of the various polymer samples synthesized in this work.  The 
samples were prepared as 5 wt% polymer in THF.  The tests were performed in Dr. Chris 
Jones’s laboratory (Viscotek – GPCmax).  
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3.5.2. Fourier Transform Infra-red Spectroscopy (FTIR) 
 
Fourier transform infrared spectroscopy provides information about the functional 
groups present in a sample.  More specifically, bonds in a sample that can generate a 
dipole-dipole moment will be active to FTIR spectroscopy.  A Bruker Tensor 27 FTIR 
spectrometer was used for these measurements. Polymer powder samples were analyzed 
using a Harrick MVP2 micro ATR with at least 256 scans at a resolution of 1cm-1. 
 
3.5.3. Nuclear Magnetic Resonance Spectroscopy (NMR) 
 
1H NMR (also known as proton NMR) experiments were conducted in deuterated 
solution. The samples were prepared by dissolving polymer into deuterated THF/DMSO 
(Dimethyl Sulfoxide) at 2 – 2.5 wt%. The solutions were analyzed using a Varian 
Mercury Vx 300 spectrometer to determine the characteristics polyimide peaks. 13C NMR 
experiments were conducted in solid state using a Bruker DSX 300 with the following 
specifications: 7 mm MAS rotor, 300 MHz 1H, pulse sequence: CP-MAS with TOSS to 
suppress spinning side bands, spinning speed: 5 kHz, repetition delay of 4 s, contact time 







3.5.4. Scanning Electron Microscopy (SEM) 
 
Scanning electron microscopy (SEM) was used to directly observe some of the 
morphological characteristics of hybrid membranes. While the resolution is not small 
enough to clearly show the presence of angstrom scale defects believed to exist in some 
membranes, it can show larger voids that may occur in the film. Mixed matrix membrane 
interfacial morphology with 6FDA-6FpDA and AlPO-14 were examined under a high 
resolution scanning electron microscope (Leo 1530 thermally assisted field emission (TFE), 
Cambridge, UK). The SEM samples were prepared by fracturing the mixed matrix films 
cryogenically in liquid nitrogen using two tweezers. The samples were sputter coated with 
gold. In the case of AlPO-14 molecular sieves, a very dilute solution of AlPO-14 in methanol 
was prepared (~1 wt% solution). One to two drops of this dilute solution was allowed to dry 
on the sample holder surface before examining the powders for their geometric 
characteristics.  
 
3.5.5. Dynamic Scanning Calorimetry (DSC) 
 
The glass transition temperature (Tg) of the polymers was determined using a 
DSC (Q200, TA instrument). The sample is heated beyond its expected glass transition 
temperature point but below the thermal degradation point. Energy flux required to heat 
the sample is continuously monitored in this experiment. The glass transition temperature 
is determined by the step increase of the energy flux because at temperatures above the 
Tg, the polymer enters the rubbery state, and in the rubbery state, more chains are flexible 
and so more energy is required to raise the temperature of the sample. DSC experiments 
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were done with 6FDA-6FpDA films and a white solid precipitate from 6FDA-6FpDA 
thermal imidization process. In all the DSC experiments, the samples were heated to 
3500C at a ramp rate of 100C per min. 
 
 
3.5.6. Gas Chromatograph (GC) 
 
As mentioned earlier, mixed gas permeation measurements were conducted in a 
similar manner as pure gas measurements. Feed gas was swept over the membrane using 
less than a 1% stage cut (ratio of permeate flow / feed flow) to ensure a constant 
composition on the upstream side (to avoid concentration polarization [5]). Flow rate was 
verified with a bubble flow meter at the feed line outlet. Flow was controlled with a 
needle valve. At steady state, the sample was collected in the downstream and the 
permeation rate was measured. The sample was sent to the GC (HP 5880) loop, and 
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 The first section of this chapter describes the main criteria for selecting high 
performing polymer as a first step for propylene/propane separations. The reasons for 
these selections are described in detail. After identifying best polymer, the main 
challenge in this research was to synthesize high molecular weight polymer consistently. 
A modified synthesis method has been described here. A closer look on different 
imidization methods (chemical and thermal) has also been described in detail. One main 
problem with the thermal imidization approach was the formation of a white solid 
precipitate in polymer solution. This has been addressed and the white precipitate was 
successfully eliminated. GPC, FTIR and solution NMR was used to characterize 
synthesized polymers.   
 
4.2. Upper Bound Polymers for Propylene/Propane Separations 
  
 As mentioned in Chapter 2, Burns and Koros introduced the C3H6/C3H8 
separation upper bound curve at 500C based on pure gas separation performances 
(Figure-4.1). Data were taken from a number of research studies and matched with a 
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mathematical model [1]. Staudt-Bickel and Koros [2] also reported an ideal selectivity of 
16 for the polyimide 6FDA-6FpDA. The report showed an increase in selectivity with a 
decrease of temperature from 308K to 298K. Table-2.1 shows a selected summary of 
pure polymer permeabilities and selectivities for this particular gas pair used to construct 
the upper bound [1]. 
 
Table-4.1: C3H6/C3H8 permeability and selectivity for different polymers (pure gas) 







[2] Staudt-Bickel and Koros 6FDA-mPD 35 3.8 atm 0.13 10 
[2] Staudt-Bickel and Koros 6FDA-IpDA 35 3.8 atm 0.58 15 
[2] Staudt-Bickel and Koros 
6FDA-
6FpDA 35 3.8 atm 0.89 16 
[1] Burns and Koros Matrimid
® 35 2 atm 0.10 10 
[1] Burns and Koros 
6FDA-
33’DMDB 35 1.1 atm 0.15 13.2 




50 2 atm 30 11 
[4] Okamoto et al. 6FDA-DDBT 50 2 atm 1.8 20 

























Figure-4.1: C3H6/C3H8 experimental upper bound based on pure gas permeation data 




 Considerable research has been done on glassy polyimides, and polyimide-co-
polypyrrolones [1]. Among all of these, polyimides based on 
4,4’(hexafluorisopropylidene) dipthalic anhydride (6FDA) have exhibited the best 
performance (6FDA structure is shown in Chapter-3). The upper bound is currently 
defined by the 6FDA-based polymers prepared from the TrMPD (DAM) and DDBT.  
Ideal selectivities of these polymers are 11, 20, and 27 respectively at 50˚C with 
permeabilities of 30 and 1.8, 0.76 Barrer respectively. A value of 0.76 Barrer (propylene 
permeability) and 27 (selectivity) was later reported as the test result from an aged film 































(with initial permeability of 1.8 Barrer and selectivity of 20) [3, 4]. Hence, the current 
upper bound is defined by two data points.  
 
4.2.1. 6FDA-DDBT Structural Dependence and Impurity 
 
 Initially, research was pursued with 6FDA-DDBT by Burns [1]; however, the 
work indicated that this material is not the preferred matrix material.  Two potential 
reasons were identified for this result. DDBT monomer used by Tanaka et. al [3] is 
dimethyl-3, 7-diaminodiphenylthiophene-5, 5-dioxide. This monomer is a mixture of 
63% 2, 8 and 33% 2, 6 and 4% 4, 6 positions of two methyl groups obtained from Ube 
industries. On the other hand, DDBT used in our laboratory by Burns was a mixture of 
70-75% 2, 8 and rest 4, 8 methyl isomers (source: Sigma-Aldrich). It is believed that the 
presence of methyl groups in 4, 8 position instead of 2, 6 and 4, 6 positions will change 
the polymer spacing which might change the polymer properties. Moreover, DDBT for 
this synthesis was 98% pure and could not be purified by sublimation due to very high 
sublimation temperature (~3500C). Recrystalizing the monomer in water, a technique 
commonly used for monomer purification process was attempted, but resulted in 
essentially zero yield. Synthesis of 6FDA-DDBT was then done without purifying DDBT 
monomer. It was assumed that the monomer is 98% pure in order to match the 
dianhydride and diamine stoichiometric ratio. 6FDA-DDBT synthesized in our laboratory 
had a very low molecular weight and was too brittle to be casted as films. As described in 
the next section, monomer impurity is one of the main concerns for low Mw polymers. At 
this point, it was then decided to look into 6FDA-6FpDA polymer material.  
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4.2.2. Selection Of 6FDA-6FpDA Polyimide For C3H6/C3H8 Separation 
 
 6FDA-6FpDA is another polyimide for this particular gas pair with very high 
permeability and selectivity. As shown in Table-2.1, the permeability of propylene with 
6FDA-6FpDA this polymer is 0.89 at 3.8 atm. The selectivity is 16 in this case. It should 
be noted here that propylene pressure reported is 3.8 atm, instead of 2 atm like other 
cases mentioned above. Due to dual mode pressure dependence, permeability at 2 atm 
should be higher than 0.89 Barrer. Moreover, the permeation test for 6FDA-6FpDA was 
done at 350C, instead of 500C like other cases. As mentioned in Chapter 2, high test 
temperature also increases the permeability while the selectivity reduces. So effectively, 
6FDA-6FpDA is one of the highest performing polymers for C3H6/C3/H8 separations.  
  
 Following the difficulties with the DDBT monomer, 6FDA-6FpDA polymer was 
selected for the current research work. Another advantage of 6FDA-6FpDA polyimide is 
the excellent permeability matching with AlPO-14. As shown later in Chapter-6, polymer 
and molecular sieve matching is very important for mixed matrix material success. A 
very highly permeable molecular sieve can reduce the overall permeability of the mixed 
matrix membrane. This has been demonstrated and discussed in details in Chapter-6. 
  
 Although 6FDA-DAM is one of the highest performing polymers for this 
particular separation, it is too permeable with respect to AlPO-14 propylene permeability. 
Thus using 6FDA-DAM as polymer matrix would have essentially reduced the 
permeability of mixed matrix materials. This will be discussed in more details in Chapter-
6 with mixed matrix material results.  
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4.2.2.1.Initial synthesis of 6FDA-6FpDA polyimide 
 
 Figure-4.2 shows the structure of 6FDA-6FpDA. Two batches of this polymer 
were synthesized by the thermal imidization process described in Chapter-3. Both batches 
had low Mw (highest molecular weight observed was ~50k with a PI >5.0) determined by 
GPC. A detailed study identified three major areas of difficulty during synthesis process. 
First, our 6FDA monomer was 99% pure, whereas 6FpDA was 98% pure creating a 
stoichiometric discrepancy in the molar weight ratio. High Mw weight can be achieved 
with desired end-group controlled by Carother’s Equation [6] which depends strictly on 








Figure-4.2: Structure of 6FDA-6FpDA polyimide 
 
 
 In the case of impure monomers, even if the monomers are added in a 1:1 
stoichiometric ratio, impurities disturb the stoichiometric ratio, which is one of the most 
important parameters for high Mw and low PI. When the ratio is not actually 1:1, two 
possible reactions can take place during the polyamic acid formation step. First, the 












relatively small molecules then contribute to the formation of a much broader 
polydispersity, thereby resulting in a much higher PI [7]. Second, if there are slow 
reacting impurities in the solution, there will be a competitive reaction between the 
impurities and monomers where impurities can end the chain growth in a 
polycondensation reaction. In this case, low molecular weight oligomers [7] will form 
instead of high Mw polymer. In all of these cases, a low molecular weight polyamic acid 
solution results in a low Mw polyimide.  
 
 Another important problem in the synthesis process is the presence of moisture. 
Since 6FDA is an anhydride, which attracts atmospheric moisture even at room 
temperature forming carboxylic acids. For the same reason, the number of available sites 
for diamine addition for a given amount of anhydride decreases the probability of 
creating the desirable repeat unit. This again results in a low molecular weight polymer.  
Lastly, one important parameter during synthesis is the local hot zone formation during 
6FDA addition. 6FDA is added in a diamine solution (in NMP). As soon as the 
dianhydride is added, the polycondensation reaction starts. This reaction is exothermic 
and increases the temperature locally. Consecutively, the reaction stops in that particular 
region. It is desirable to have an ice bath during polyamic formation step of synthesis thus 






4.3. Synthesis Of High Molecular Weight 6FDA-6FpDA 
 
 The following changes in the polyamic formation process were made to ensure 
high molecular weight and low PI polyimide.  
 
• Before monomer sublimation, both monomers were dried in a vacuum oven for 
overnight, around 200C below its sublimation point. (To increase the sublimation 
yield) 
• Each monomer was sublimed twice to achieve required purity. (Yield increased – 
from 40% to 90%). 
• Before the synthesis experiment, sublimed monomers were again dried in the 
vacuum oven overnight to eliminate residual water. (To remove any ambient 
moisture) 
• During synthesis, measures were taken to add monomers rigorously in their 
stoichiometric ratios. (High Mw) 
• NMP was needle-transferred to the reaction flask after being dehydrated by 
molecular sieves.  
• An exact amount of diamine was added, while stirring the reaction flask 
continuously.  
• An ice bath/cooling system is kept to maintain the solution temperature below 
room temperature (RT) after diamine addition.  
• Once diamine dissolved in the solution completely, a pre-calculated amount of 
dianhydride was added portion wise (3-4 equal portion).  
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• The reaction was carried out first at low temperature and then at RT, with 
constant temperature monitoring.  
 
Moreover, the thermal imidization process described in Chapter-3 was used instead of 
chemical imidization process. It is believed that in the chemical imidization process the 
ring closure is not always complete, whereas in the thermal imidization the ring closure is 
complete. Two batches of 6FDA-6FpDA were synthesized by following the above 
procedure strictly. Ortho-dichloro-benzene (ODCB) was used as the dehydrating agent. 
The Mw of the synthesized batches were 198k and 157k Daltons with PI around 2.5 and 
3.0.  
 
4.3.1. Role Of Monomer Impurities In Synthesis 
 
 To further understand the role of impurities and how it affects the molecular 
weight of 6FDA-6FpDA polymer, an extensive synthesis study was performed. Mw and 
PI was calculated by GPC. THF was used as the GPC solvent. Table-4.2 summarizes the 
synthesis condition with respective Mw and PI. To avoid additional variable, strict 
measures were taken to avoid moisture contact, especially with 6FDA. All the monomers 
were stored in desiccators. Sublimed monomers were used as soon as possible to 
maintain the purity achieved via sublimation. 
 
 For the first case in Table-4.2, pure 6FDA and pure 6FpDA were used. Both the 
monomers were sublimed at around 100C below their sublimation temperatures. 
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Monomers were added in 1:1 ratio to maintain the stoichiometry. As expected a very high 
molecular weight and narrow PI polymer was formed. In case 2, 6FpDA monomer was 
not sublimed while 6FDA monomer was sublimed as before. In general 6FpDA is 
received from Sigma-Aldrich as >99% pure and 6FDA is received as ~97% pure. So it 
was expected that an unsublimed 6FDA will have more inclination to form oligomers 
than the unsublimed 6FpDA. In this case our measured Mw was ~86k Daltons. The PI 
was 3.2, higher than the normal 2.0, but still in the acceptable range. Next synthesis was 
performed with pure 6FpDA and as received 6FDA (case-3). Mw in this case was ~50k 
and again with a PI of 3.3. Finally, 6FDA-6FpDA was synthesized with as received 
monomers (both 6FDA and 6FpDA, case 4). In this case the Mw was 73k and the PI was 
3.7. It can be clearly seen that monomer purification does play an important role in the 
















Table-4.2: Relation between molecular weight and monomer purity 










198k 3.0 Both monomers 
were sublimed 
1:1 
2 6FDA-6FpDA 86k 3.2 6FDA sublimed, 
6FpDA impure 
1:1 
3 6FDA-6FpDA 50k 3.3 6FDA impure, 
6FpDA sublimed 
1:1 










 Sometimes dianhydrides are added in excess (typically 1.5 wt% excess). This 
excess addition then takes care of two unwanted side reactions during polyamic acid 
formation. One batch of such polymer was synthesized.  But this case (case-5) also 
resulted in a low molecular weight and high PI polyimides. This can be again explained 
by the same “early-chain termination” theory [7] mentioned before, where the 
impurities/excess monomers stop the polymeric chain growth during the 
polycondensation reaction. Moreover, if there is excess monomer in the reaction flask, it 




 At this point, a repeatable synthesis process was established with the thermal 
imidization process; however, a more serious problem was identified with 6FDA-6FpDA 
synthesis. The next section describes the problem and the solution in details.  
 
 
4.3.2. Thermal Imidization of 6FDA-6FpDA 
 
While successful synthesis of high molecular weight 6FDA-6FpDA was achieved 
with the thermal imidization technique, a major concern was the formation of precipitates 
in solutions of 6FDA-6FpDA (with and without nonsolvent); and 6FDA-DAM-DABA / 
6FDA-DAM (with nonsolvents).  The precipitate is hypothesized to be high molecular 
weight polymer chains and/or “crystallosolvates” that drop out of solution over time. 
From preliminary spinning results, it is believed that precipitates decrease the spinnability 
of the spin dope. 
One observation that seems to shed some light is the absence of these precipitates 
in chemically imidized 6FDA-6FpDA (with and without nonsolvent).  This preliminary 
result indicated that there might be a difference in the polyimide chain structure produced 
by the thermal versus the chemical imidization processes, which leads to precipitate 




Figure-4.3: 6FDA-6FpDA polymer compositions 
A1 - 20 wt% polymer, 15 wt% ethanol, and 65 wt% NMP (Chemically imidized) 












Figure-4.4:- 6FDA-DAM compositions 
B1 - 20 wt% polymer, 20 wt% ethanol, and 60 wt% NMP (Chemically imidized) 
B2 - 20 wt% polymer, 20 wt% ethanol, and 60 wt% NMP (Thermally imidized) 
 
This was a point of concern because it is necessary to have a clear dope solution 
to be able to determine the phase separation point for spinning asymmetric hollow fiber 
A1 A2
Low Mw High Mw
B1 B2
Low Mw High Mw 
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membranes. To solve this problem, the first step was to separate the white particles from 
the rest of the solution. The polymer solution as seen in Figure-4.3 was murky. A dilute 
polymer solution of Figure-4.3 (A2) was centrifuged (@10,000 rpm for 10 minutes) and 
the solid white particles were separated as precipitate. The solid particles were then dried 
under vacuum at room temperature for 30 minutes. The solid particles did not re-dissolve 
in any organic/inorganic solvents or strong acid.   
 
The glass transition temperatures (Tg) of the solid particles were determined by 
DSC. The Tg for 6FDA-6FpDA pure polymer was measured to be ~3170C whereas the 
Tg of this white solid was around ~3160C. This finding indicated that the inherent 
structure of these two components (the solid particle and the original 6FDA-6FpDA 
polymer) might be essentially the same. FT-IR was performed on thermally imidized and 
chemically imidized 6FDA-6FpDA films to observe any structural difference between the 








Figure-4.5: FT-IR of chemically and thermally imidized 6FDA-6FpDA (a) overall 
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FT-IR measurements did not show any significant differences in these two films (Figure-
4.5 (a) and (b)). Here it must be noted that the white precipitate is present at very low 
concentration , so it might be difficult to detect any difference via FT-IR. At this stage 
two possible hypotheses were formed.  
 
1. The product is crystalline  
2. There is some amount of crosslinking present in the polymer  
 
In the first case, if there is some amount of crystallinity, the glass transition 
temperature will shift from the pure 6FDA-6FpDA polymer, which is not crystalline in 
nature. The glass transition temperatures reported in the previous sections were very 
similar. Moreover, XRD measurements revealed amorphous nature of the solid white 
powder. It was then concluded that the white precipitate might have formed due to 
undesired crosslinking during the thermal imidization/synthesis process. Since FT-IR did 
not show any differences between thermal and chemical imidization processes, proton 




















Figure-4.6: (a) Proton solution NMR of thermally imidized 6FDA-6FpDA in deuterated 
THF. (b) Proton NMR of chemically imidized 6FDA-6FpDA in deuterated THF solution 
 
  
Figure-4.6 shows the solution NMR results of the two samples. A dilute solution 
of 6FDA-6FpDA was prepared in deuterated THF for solution NMR. The NMR spectra 
revealed a small additional for the thermal imidization. This extra peak was hypothesized 
to be the cause of white solid precipitate in the polyimides. To further investigate the 
effect of heat during imidization process, a batch of 6FDA-6FpDA polyamic acid was 
synthesized, and the polyamic acid was collected and precipitated in DI (de-ionized) 
water. The precipitated acid was then collected and dried under vacuum at 1800C for 20 
hours to mimic the heat treatment during the thermal imidization process. The final 
product was then collected and GPC was performed to see the PI and Mw. Our Mw was 
around 90,000 with a PI of 3.0 showing that we had the ring closure reaction due to heat 
treatment. Proton solution NMR was then performed on 6FDA-6FpDA sample in 




observed. The resulting polymer solution is clear and soluble in organic solvents (THF, 
DMSO) indicating a lack of crosslinking.  
 
 
Figure-4.7: 6FDA-6FpDA NMR in deuterated THF. Polyamic acid was precipitated and 
then dried in vacuum oven. No extra peak was observed 
 
 
The immediate conclusion from this result was: heating the polyamic acid is not the sole 
cause of crosslinking. To further investigate the effect of heating it was decided to heat 
the polyamic acid solution in NMP without precipitating in water (this is the normal path 
for the thermal imidization process). Moreover, it was decided to compare the effect of 
heating in thermal imidization with dehydrating agents used for chemical imidization 
(AcAn, tri-ethyl amine (TEA)/beta-picoline). The result then would clarify whether the 
thermal imidization agent (ODCB) is the cause of this extra peak.  
 
At this stage, a large batch of polyamic acid in NMP was synthesized. This batch 
was divided in two parts (a) and (b). Part (a) was heated without any catalyst/reagent to 
180oC for 20 hours. Part (b) was heated at 1800C for 20 hours after adding proportional 
No extra peak 
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amount of beta-picoline and AcAn as described before (chemical imidization reagents). 
After 20 hours both parts were quenched with methanol and dried at 2000C for 12 hours 
to conclude the ring closure. Proton solution NMR was performed on the two batches of 
polyimides. Two dilute solutions of polymer were prepared in dichloromethane to 
observe the solubility. Part (a) produced a clear solution and part (b) produced a murky 
solution (as seen in Figure-4.4). NMR spectra of the two batches are shown in Figure-4.8. 





Figure-4.8: (a) 6FDA-6FpDA polyamic acid heated at 1800C for 20 hours (b) 6FDA-
6FpDA polyamic acid heated with beta-picoline and AcAn at 1800C for 20 hours. 
 
The only difference between part (a) and part (b) was the dehydrating agents. 
From this experiment it was concluded that any dehydrating agent added during thermal 
imidization, be it AcAn (originally used for chemical imidization) or ODCB (used for 




themselves. We are particularly mentioning oligomers because according to our 
experience, small amount of white particles are generated during the thermal process. At 
this point, we believe that the oligomers, which are present after the polyamic acid 
reaction step, are activated in the presence of heat and dehydrating agents. This activation 
step is removing water molecules to form crosslinked oligomers. 
 
4.4. Improved Chemical Imidization Of 6FDA-6FpDA 
 
From the previous section it is obvious that for the synthesis of 6FDA-6FpDA 
polymer, heating of polyamic acid solution creates a murky solution not ideal for 
spinning process. On the other hand, previous researchers in our laboratory had very little 
success in achieving high Mw with the chemical imidization process. As mentioned in 
Chapter-3, the thermal imidization process is known to complete the ring closer process 
more completely than the chemical imidization process. The chemical imidization 
process previously used in our laboratory used an amine catalyst tri-ethyl-amine with 
acetic anhydride as the dehydrating agent. One drawback of this imidization process in 
our laboratory was the low molecular weight of the polymer (50k – Mw). In this research 
it was then decided to be able to successfully use chemical imidization process to achieve 
high molecular weight and narrow PI polymer. For the chemical imidization method, a 
dehydrating agent (like acetic anhydride) is added to the polyamic acid solution in 
presence of an amine based catalyst. Generally in presence of an acidic amine, a 
byproduct (isoimide) might form thus hindering the molecular weight distribution hence 
PI [7]. A basic catalyst is thus preferred for chemical imidization to perform complete 
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chain closure. To obtain high molecular weight polymer beta-picoline/TEA is used as the 
basic catalyst. In this particular case beta-picoline was used as the catalyst. Beta-picoline 
was used in this research because previous synthesis with TEA resulted in low molecular 
weight 6FDA-6FpDA polymer batches. Chapter-3 describes some of the problems with 
TEA as solvent.  
 
As mentioned above, during the chemical imidization process, it is often hard to 
achieve complete ring closure. Moreover, there might be some isoimides present in the 
polyamic acid solution. For these reasons, a post treatment heating step is often 
performed after chemical imidization. In this method, after the polymer is precipitated out 
in pure methanol, it is dried under vacuum at an elevated temperature to complete the 
ring closure. Generally, a very high temperature helps. In this research, the polymers 
were dried between 2000C – 2500C for 12-16 hours. GPC tests were performed on the 
dried polymers with THF as the solvent. The molecular weight recorded was 227k 
Daltons with a PI of 2.0. Table-4.3 compares thermal and chemical imidization results.   
 
Table-4.3: Comparison between thermal and chemical imidization process 










198k 3.0 Thermal 1:1 
2 6FDA-6FpDA 203k 2.1 Chemical (beta-
picoline, AcAn) 
1:1 





Figure-4.9 shows the dilute solutions from each imidization process. It is evident that the 










Figure-4.9 clearly shows that we have successfully synthesized the desired 6FDA-
6FpDA polymer. The results were reproducible as well (Table-4.3). Another significance 
of this synthesis was that the chemical imidization process is less complicated than the 
thermal imidization process (chemical imidization doesn’t require a heating set up with 
continuous heat monitoring and condensation trap) and hence being less costly and more 
easily processable than thermal imidization process of 6FDA-6FpDA synthesis. Some 








Once the cause and the source of the white solid were identified successfully, 
closer analyses of the NMR data were then performed to determine the elements 
responsible for the extraneous peak. A closer look at Figures 4.5, 4.6 and 4.8 revealed 
that the extra peak is due to the aliphatic carbon or N-H group present in the polyamic 
acid solution. A simple way to detect the presence of N-H/O-H is to run the sample NMR 
with Solvent + D2O. If the peak is due to the presence of N-H group, then the peak will 
disappear when tested for proton NMR. The result of proton solution NMR in presence of 
D2O is shown in Figure-4.10.  
 
  







It can be clearly concluded from the NMR results that there is unlikely any N-H 
groups present in the polymer. To further investigate the fact that the extra peak is due to 
the presence of aliphatic groups, solid state C-13 NMR was performed on the thermally 
imidized polymer. The sample was prepared by precipitating the white solid particles in 
NMP via centrifugation followed by drying at room temperature under vacuum. C13 
NMR confirmed the presence of aliphatic carbon. Figure-4.11 shows these results.    











Here it is worth noting that there is no other aliphatic group in 6FDA-6FpDA 
other than methanol which is used to quench the polyimide before drying. This 
observation is interesting because methanol is known to have the ability to scission large 
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molecules. At this point we believe that the solid particles are the crosslinked oligomers 
formed due to the high heat in the presence of dehydrating agents. Once there was 
success with synthesis, the next step was to form membranes and characterize them via 
permeation and sorption experiments. The next chapter describes the permeation at 
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 The first part of this chapter describes the challenges faced by previous 
researchers with 6FDA-6FpDA polyimide for propylene/propane separations due to 
plasticization. A study on pure film annealing temperature has been shown here to 
optimize and standardize further test conditions to avoid any anomalies. Plasticization 
suppression was achieved by performing high temperature permeation on properly 
annealed dense films made with high molecular weight polymer. A detailed analysis of 
pure gas and mixed gas results using different permeability models has been shown in 
this chapter. The annealing effects in terms of plasticization suppression, permeability 
and selectivity have been discussed in detail. According to our best knowledge, this is for 
the first time plasticization suppression for propylene/propane has been reported with any 
polyimide dense film membrane. Results of pure gas sorption experiments using a 
pressure decay method with un-annealed and annealed films have been discussed. These 
sorption experiments have been used to analyze the permeation data using the dual-mode 
model. Mixed gas permeation results also have been explained with dual mode and bulk 





5.2. Review of Plasticization Behavior of 6FDA-6FpDA 
 
Propylene and propane tend to plasticize 6FDA-6FpDA at moderate test pressure 
and temperature (p>3 atm, T=350C). As discussed in Chapter-2, plasticization occurs as a 
result of swelling in the polymer and therefore an upswing in the propylene and propane 
permeability occurs, thereby suppressing the selectivity. An upturn in the permeability 
values with a sharp decrease in selectivity characterizes the onset of plasticization for a 
particular gas.  Figure-5.1 shows the plasticization behavior of 6FDA-6FpDA (6F-6F) 
with propylene [1] observed by Staudt-Bickel and Koros. They reported an upturn in 
permeability values around 3 atm propylene upstream pressure onwards. Permeation tests 
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Figure-5.1: 6FDA-6FpDA plasticization behavior with pure gas. Tested at 350C [1]. 
■ – Propylene permeability, ● - Propane permeability. 
 
 
This behavior is unacceptable in a realistic process stream as a swelled membrane will 
have very low selectivity when tested under mixed gas compositions.  
 
 Figure-5.2 demonstrates this effect with a mixed gas propylene/propane 
permeation test. Permeation tests were done with a 50:50 propylene/propane gas mixture 
[1]. The mixed gas selectivity in this case drops down to 7 from an originally starting 
value of 13 (around 50% decrease in selectivity). Table-5.1 summarizes pure gas and 






Figure-5.2: 6FDA-6FpDA plasticization behavior with mixed gas (50:50). Tested at 










Table-5.1: Pure gas and mixed gas (50:50) permeabilities and selectivities of 6FDA-







 (Barrer) C3H6/C3H8 
Pure gas 29.4 0.89 16 
Mixed Gas 19.1 0.48 13 
29.7 0.677 7 
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 Since the ultimate applications of membranes are in the presence of mixed gas 
streams, it is important to achieve a high selectivity for propylene/propane mixed gas 
dense film experiments to demonstrate commercial viability. In a typical 
propylene/propane separation plant, elevated temperature operating conditions would be 
attractive to increase diffusion coefficients and to suppress sorption-induced swelling for 
a given feed pressure. Three approaches to solve this problem were proposed and 
executed. First, high temperature permeations were performed (700C). Second, 
systematic annealing of the samples was explored to optimize the annealing temperature, 
since preliminary work suggested that such a post membrane formation process leads to 
plasticization resistance. A third approach was to produce high molecular weight and low 
PDI polymer consistently. High molecular weight polymer is required for hollow fiber 
membrane production. Since this work is fundamental for future hollow fiber research, it 
is necessary to test dense film samples with similar properties (high Mw and low PI). 
Synthesis of high molecular weight and low PI polymer has already been discussed in 
Chapter-4. The next section describes the applications of first two above mentioned 







5.3. Plasticization Suppression  
5.3.1. High Test Temperature Effect On 6FDA-6FpDA 
 
 6FDA-6FpDA films were solution casted with dichloromethane as the solvent and 
dried at 1100C in a vacuum oven for ~20 hours. Initial permeation tests were done at 
350C and around 2 atm to compare our results with previous works. Pure gas permeation 
test results are shown in Table-5.2 with some of the previous results. The results in 
Table-5.2 are in good agreement with that seen by Burns and Koros and Sejour and 
Koros [2, 3].  
 
Table-5.2: Pure gas permeation results for propylene/propane with 1000C film drying 







 (Barrer) C3H6/C3H8 
This Study 29.4 35 0.85±0.05 17±0.5 
Sejour and 
Koros [3] 
29.4 35 0.92 16.4 
Burns and 
Koros  [2] 
29.4 35 0.89 16.0 
 
 
 In this case a small decrease in permeability with an increased selectivity was 
observed. Polymer permeabilities and selectivities are known to vary with the polymer 
synthesis and post drying conditions. Since the results mentioned in this research are 
obtained with a modified imidization approach, it was expected that the results might be 
little different than seen by others. This difference in the permeability and selectivity is 
perfectly within the acceptable range and were reproducible. To test the reproducibility, 
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at least three permeation tests were performed with each gas at a particular pressure. If 
the results were within 5-8% error range, it was considered to be reproducible. Oxygen 
and nitrogen permeabilities were also measured as benchmark gases. Table-5.3 shows 
these results at 350C.  
 
 
Table-5.3: Pure gas permeation results for oxygen/nitrogen with 1000C film drying 
temperature. Permeation tests were done at 350C and 2 atm.  
 




 (Barrer) O2/N2 
Pure gas 29.4 35 17.0±0.6 4.2±0.4 
 
 
 High test temperature permeation tests were performed after successfully 
reproducing propylene/propane results at 350C. As noted earlier, at this point, it was 
hypothesized that permeation at elevated temperature (in this case 700C) will delay the 
effect of plasticization. Figure-5.3 shows the propylene isotherm obtained with 700C 
permeation test temperature. At high temperatures the solubility coefficient decreases, 
thereby decreasing the permeability and hence suppressing plasticization, so it was 
expected that performing permeation at a higher temperature would suppress the 
plasticization to a higher pressure. 
  
Figure-5.3 clearly indicates that there is plasticization with propylene even at 
700C. This result was unexpected under these test conditions. Moreover in this case, the 
onset of plasticization is earlier than 3 atm (2.5 atm) as reported by Staudt-Bickel [1]. 
One of the main differences between these two experiments was the casted film drying 
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temperature. While in Staudt-Bickel’s cast films were annealed above 200ºC for several 
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To probe more into these results, a detailed study of the post treatment conditions 
was conducted. Annealing studies were performed in which exposure to > 2000C for 24 




5.3.2. Annealing Effect On Pure Gas Permeation 
 
Table-4 shows the result of this annealing effect on oxygen/nitrogen. The 
annealing effect is prominent with oxygen/nitrogen data in Table-5.4. Permeability of 
oxygen decreased with increasing annealing temperature, whereas the selectivity of 
oxygen/nitrogen increased.  
 
 
Table-5.4: Pure gas permeation results for oxygen/nitrogen with different film drying 










1100C 29.4 35 17.0±1.0 4.2±0.4 
1500C 29.4 35 16.5±0.8 4.5±0.2 
2100C 29.4 35 16.2±0.4 4.7±0.4 
2200C 29.4 35 16.0±0.5 4.8±0.2 
 
 
This phenomenon is typical for the annealing effect by which polymer chains 
become more relaxed and hence more densified as we increase the annealing treatment 
temperature. Based on these results, it was decided to follow annealing temperature of 
2100C for 18-20 hours for all experiments onwards to maintain consistency. From this 
point, any film dried at 1100C will be referred to as “un-annealed”, and films dried at 
2100C as “annealed”. Table-5.5 summarizes the propylene/propane annealing results with 
different permeation test temperatures. In the case of propylene/propane separations also 
we saw a decrease in permeability and increase in selectivity after annealing.  
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Table-5.5: Pure gas permeation results for propylene/propane with different film drying 











1100C 350C 29.4 1.0 ± 0.05 17±0.8 
2100C 350C 29.4 0.7 ±0.05 19±1.0 
1100C 700C 29.4 2.21± 0.1 12.0 
































Pressure (psia)  
  
Figure-5.4: Propylene permeability isotherm with 6FDA-6FpDA at 700C, ■ – un-




Figure-5.4 shows the successful plasticization suppression results with annealed 
6FDA-6FpDA films at the 700C test temperature. At least three films from different 
casted films were tested for each pressure point. The results were within 5% error range. 
After each pressurization isotherm, depressurization points were also noted and compared 
with the corresponding points. Unlike un-annealed films, annealed films did not show 
any plasticization effect up to 70 psi upstream pressure. Figure-5.5 shows the 























Pressure (psia)  
 
Figure-5.5: Plasticization suppression behavior. 6FDA-6FpDA propylene/propane. ●- 
propylene pressurization isotherm, ●- propylene depressurization point, ■ – propane 
isotherm, ■ – propane depressurization points. All tests were performed at 700C 
 
 
Similar trends were observed with propane permeation as well. 6FDA-6FpDA did 
not plasticize up to 70 psi upstream pressure. The depressurization isotherm also 
suggested no indication of plasticization effect. This result suggests that suppression of 
plasticization was indeed achieved by annealing the films and performing permeation 
experiments at 700C. While this is for the first time we observed plasticization 
suppression of propylene with 6FDA-6FpDA up to 70 psi upstream pressure, as 
mentioned earlier, mixed gas composition experiments are the real tests for plasticization 
suppression. The next section describes the results from mixed gas experiments.  
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5.3.3. Mixed Gas Permeation Results  
 
Mixed gas results were obtained for 50:50 mol% propylene/propane gas mixtures. 
Mixed gas experiments were conducted at 350C and 700C test temperatures to compare 
with our previous pure gas experiments. In both cases, no plasticization behavior was 
observed within the tested pressure range. We were able to eliminate early onset of 
plasticization for propylene in 6FDA-6FpDA even at 350C. As mentioned earlier, Staudt-
Bickel observed very low mixed gas selectivity around 1.8 atm (26.5 psia). In our case, 





















Figure-5.6: Pure gas and mixed gas results of propylene/propane separations with 6FDA-
6FpDA. 50/50 mixed gas composition at 350C 
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A similar trend was observed with 700C permeation results as well. Figure-5.6 
and Figure-5.7 represent 50:50 mixed gas results with propylene/propane at 350C and 
700C respectively. Moreover, we noticed that the selectivity of mixed propylene/propane 
decreases more than previously observed for the pure propylene/propane case. This trend 
is similar to Staudt-Bickel’s propylene/propane mixed gas observation (Figure-5.2) and is 
explained in the later section in terms of the dual mode transport model. According to the 
dual mode sorption and transport model, both propylene and propane permeability 





















Figure-5.7: Pure gas and mixed gas results of propylene/propane separations with 6FDA-
6FpDA. 50/50 mixed gas composition at 700C 
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To explain the mixed gas selectivity behavior in greater detail, a series of sorption 
experiments were done to determine (a) sorption behaviors of propylene and propane 
individually, (b) predicted mixed gas selectivity and permeability from sorption and 
permeation data and (c) bulk flow contribution to mixed gas selectivity and permeability 
for propylene/propane separations at 350C and 700C. The following sections describe all 
three of the above observations respectively.  
 
5.3.3.1.  Sorption experiments of 6FDA-6FpDA  
 
Sorption experiments with propylene and propane were done at 350C and 700C. 
To maintain consistency with dense film permeability results, all the films were annealed 
around 2100C for 18-20 hours. As mentioned in Chapter-2, the variation of gas 
permeability with pressure in glassy polymers is represented by a dual mode model. The 
model accounts for the differences in gas sorption properties in idealized Henry’s law and 
Langmuir domain of a glassy polymer. The Langmuir concentration C’HA, for gas A, 
describes sorption in the “microvoids” or “holes” throughout the matrix, which are the 











         [5.1] 
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Where kDA is the Henry’s law constant, C’HA is the Langmuir capacity constant, and bA is 















      [5.2] 
 
From the sorption experiments, kd, C’H, and b values were determined by Kaleidagraph 
model fit software.  
  
Figure-5.8 depicts the sorption behavior of propylene and propane at 350C test 
temperature with 6FDA-6FpDA. As noted in Table-6, the sorption value S (in cc 
stp/cc.cm Hg) is around 1.6 times higher in the case of propylene than propane. This 
confirms the fact that the separation is mainly diffusion controlled in the case of this 
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Figure-5.8: Pure gas propylene propane sorption results with 6FDA-6FpDA at 350C 
Table-5.6 also shows the kd and C’H values of both the gases. As expected, the  
 
Langmuir sorption capacity parameter is lower for propane, since propylene is a 
more compact and condensable gas. The kd values for both the gases were very similar at 
350C. 
 









b psia-1 S, (cc 
(stp)/cc 
pol.cm Hg) 
@ 29.4 psia 
Propylene 0.26 ± 0.03 20.3 ± 1.78 0.24 ± 0.05 0.169± 0.04 
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Figure-5.9: Pure gas propylene propane sorption results with 6FDA-6FpDA at 700C 
 
 










b psia-1 S, (cc 
(stp)/cc 
pol.cm Hg) 
@ 29.4 psia 
Propylene 0.12 ± 0.01 12.3 ± 0.72 0.32 ± 0.07 0.097± 0.02 




A very similar trend with 700C sorption experiments was also observed (Figure-
5.9 and Table-5.7). In this case kd values were again similar for propylene and propane. 
Whereas, the Langmuir sorption site value (C’H) was higher in the case of propylene than 
in propane. Sorption parameter values are also given in Table-5.7. Table-5.6 and Table-
5.7 compare the solubility values of propylene and propane at different test temperatures 
and as expected, the solubility of both the gases decreased with increasing permeation 
test temperature.  
 
5.3.3.2.Application of dual mode parameters in mixed gas permeability-selectivity 
prediction  
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Where, A and B are two different gases (e.g. propane and propylene). In this case we can 
predict the permeability of gas A in a gas mixture.   
 Mixed gas sorption values were predicted with the dual mode sorption parameters 
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Figure-5.10: Pure gas propylene propane sorption results with mixed gas prediction in 
6FDA-6FpDA at 350C 
 
 
  Figure-5.10 shows this predicted mixed gas sorption values for propylene and 
propane at 350C test temperature with a 50/50 propylene/propane mixture. Both 
propylene and propane are predicted to show a decrease in solubility in the mixture. A 
closer look at Figure-5.10 reveals that the decrease in propylene solubility is more than 
the decrease in propane solubility in a 50/50 gas mixture. In other words, at a given 
pressure, both propylene and propane permeabilities decrease more than their respective 
pure gas permeabilities, but in case of propylene, this decrease is more than in case of 
propane. Thus with a 50/50 mixture, it is expected that the selectivity of 
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propylene/propane will decrease from pure gas selectivity on the basis of solubility 
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Figure-5.11: Pure gas propylene propane sorption results with mixed gas prediction in 
6FDA-6FpDA at 700C 
 
 
 Similarly, Figure-5.11 shows the predicted mixed gas sorption for propylene and 
propane at 700C test temperature. In this case, we also see a decrease in both propylene 
and propane permeability. Unlike the previous case, here both propylene and propane 
permeabilities decreased the same order of magnitude, suggesting that on the basis of 
solubility effects, the mixed gas selectivity will be similar to the pure gas selectivity at 
700C test temperature in the absence of plasticization. Although our experimental results 
(Figure-5.7) suggest that the mixed gas solubility selectivity decreases more than pure 
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gas selectivity, this change could be coming from so-called “competition” effects or a 
bulk flow contribution (described in the next section).   
  
 It is possible to fit the dual mode parameter for permeability versus pressure data 
with sorption parameters. As mentioned in Chapter-2, DDA is the diffusion coefficient of 
A through the Henry’s law environments, and DHA is the diffusion coefficient of A 
through the Langmuir environments. The permeability equation for the case of a vacuum 

















1          [5.4] 
 




DF =                                 [5.5] 
 
 
In Equation-5.4, K is the defined as the equilibrium coefficient between the Henry’s 
region and the Langmuir region, and is mathematically described as: C’HAb/kD. For single 
















1                 [5.6] 
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This permeability expression includes not only the sorption effects discussed in the 
context of Equation 5.1-5.3, but also diffusion coefficients effects. The Henry’s law and 
Langmuir mode diffusion coefficient values, DD and DH, respectively, can be obtained by 
plotting PA versus 1/(1+b.p) and taking the slope and intercept according to Equation-5.6. 
For this study, several permeability measurements at different pressure points were noted 
and then DD and DH values were calculated using the sorption values mentioned earlier. 
Figure-5.12 shows an example of such a plot (propylene permeation at 700C). Table-5.8 
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Propylene Permeability at 700C











1/(1+b.p)    
 
Figure-5.12: Permeability versus 1/ (1+bp) plot to determine DD and DH values. 
Propylene permeation experiments at 700C. Solid line is the curve fit. 
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Table-5.8: Dual mode permeability parameter values for propylene and propane. 
Gas Test Temperature
(0C) 
DD  (1 x 1010 ) 
Cm2/s 
DH (1 x 1010 ) 
Cm2/s 
F 
Propylene 35 5.96 3.92 0.66 
Propane 35 0.84 0.085 0.10 
Propylene 70 34.49 1.86 0.054 






















Figure-5.13: Dual mode parameter calculated mixed gas and experimental mixed gas 

























Figure-5.14: Dual mode parameter calculated mixed gas and experimental mixed gas 
results at 700C. 
 
 
To further understand the effect of mixed gas permeation, frame of reference 
calculations [7] were performed for both the gases at 350C and 700C test temperatures. 
The next section describes the method and results in details.  
 
5.3.3.3. Calculation of frame of reference model/bulk flow model contribution 
 
 The frame of reference treatment describes the behavior when one gas in the 
presence of another in a mixed gas experiment, provides a significant convective 
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movement of the center of mass of the system. Equations 5.7-5.13 [7] were used 































































)1(1ln..ρ      [5.10] 
 
 



































* Π−=                    [5.13] 
 
 
Initial guesses of nA and nB were made from Equation-7 to begin with the iteration 
process. Final nA, nB and r values were determined by using Equations 5.8-5.10 
iteratively. Once the satisfying convergence was achieved, Equations 5.11 and 5.12 were 
used to calculate the bulk flow contribution. Finally, PA was calculated from Equation-
5.13. P*A is the permeability calculated by dual mode transport model (Equation-5.4). 
The mass fractions (w) were calculated from the respective sorption data and taken to be 
the “mobile fraction” as defined by Kamaruddin and Koros [7]. Chapter-2 describes the 



























Figure-5.15: Propylene/propane 50/50 selectivity calculated with bulk flow model and 
compared with dual mode model at 350C. 
 
 
 Figure-5.15 shows the effect of including frame of reference/bulk flow 
calculations in selectivity prediction at 350C. As shown, predicted selectivities were in 
good agreement with the observed experimental mixed gas experiments. Another 
interesting observation from Figure-5.15 is that the major drop in selectivity still resulted 
from the dual mode mixed gas model rather than the bulk flow contribution. Figure-5.16 
shows the same calculations in case of 700C permeation test temperature. The bulk flow 
model exactly predicts the mixed gas selectivities at different propylene upstream 
pressure. Although unlike 350C, the drop in selectivity is due to the equally combined 
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Figure-5.16: Propylene/propane 50/50 selectivity calculated with bulk flow model and 
compared with dual mode model at 700C. 
 
 
It was shown in the above section that plasticization suppression was successfully 
achieved with both pure and mixed gas experiments. The drop in selectivities during 
mixed gas experiments were explained with the help of dual mode and bulk flow 
theories. This is for the first time plasticization suppression was achieved by adopting the 
high test temperature and systematic annealing approach, according to our best 
knowledge. Even at a lower test temperature (350C), no plasticization was observed even 
up to 42 psi propylene upstream pressure. This result was surprising and to probe more 
into this, we performed a more detailed study with our sorption and permeation. At this 
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point, it was hypothesized that since we are starting with a high molecular weight and 
more rigid material (our polymer has an average molecular of ~200K, with PI of around 
2.0), may be the onset of swelling/plasticization is pushed towards higher upstream 
pressures. Following sections describe the related sorption results and the final 
conclusion on this result. The annealing effect on sorptions was also investigated in order 
to address the differences in permeabilities and selectivities seen in un-annealed and 
annealed films.  
 
5.3.4. Annealing Effect On Sorption 
 
It has been shown earlier that the plasticization effect for 6FDA-6FpDA pure film 
can be controlled by annealing the films at a higher temperature (in this case 2100C) and 
performing the permeation test at a higher temperature (700C). When we annealed the 
film at a higher temperature a sharp decrease of permeability was seen relative to the un-
annealed films (Figure-5.4). Table-5.9 summarizes the permeabilities of 6FDA-6FpDA 
pure films at different temperature and conditions. From Table-5.9 we can see that at a 
700C test temperature, propylene permeability went down by 56%. To further understand 
the annealing effect, we performed propylene sorption experiment on both un-annealed 
and annealed films at 700C. Although after annealing we see a decrease in permeability, 
permeance in an asymmetric membrane (even with a relatively thick selective layer e.g. 
















1100C 700C 29.4 2.21± 0.1 12.0 
2100C 700C 29.4 0.96 ±0.08 13.0±0.5 
 
  
Figure-5.17 shows the comparison between un-annealed and annealed film 
propylene sorption at 700C. As the figure suggests, we see a decrease in the sorption 
capacity from un-annealed to annealed films. The sorption dual mode parameters as 
calculated from Figure-5.17 are given in Table-5.10.  
 
 
Table-5.10: Sorption dual mode parameters for propylene – un-annealed and annealed. 
Tested at 700C 
 






b psia-1 S  @ 29.4 psia 
(cc 
stp)/cc.cmHg) 




0.17 ± 0.01 15.2 ± 0.44 0.36 ± 0.04 0.124  1.78  
Annealed 0.12 ± 0.012 12.31 ± 0.72 0.32 ± 0.07 0.097 1.0 
 
 
As shown in Table-5.10, the solubility constant (S) has decreased by 22% after annealing, 
The diffusivity constant was calculated from the available permeability and solubility 
values (P=D.S), and also were checked with the diffusivity calculated from the time-lag 
method. Both values were in agreement within calculation uncertainties. The diffusivity 
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constant has decreased by ~44%. This explains the decrease in permeability around 56% 























Pressure (psia)  
Figure-5.17: Propylene sorption isotherm at 700C. Solid lines are sorption dual mode 
model fit.  
 
 
Annealing a film at an elevated temperature (in this case 2100C) reduces the 
number of Langmuir sorption sites as the polymer chains relax and reorganize. Moreover, 
idealized Henry’s regions may rigidify and thus decreasing the kd value. In our 
experiments, we observed a decrease in Langmuir sorption site capacity and kd values. 
Annealed films behave as more densified (lower free volume) materials than un-annealed 
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films. This phenomenon was reflected by the observed decrease in the diffusivity 
constant. Ideally, the affinity constant should not be affected by annealing temperature. 
However, in our case, we observed a small decrease in the affinity constant, which is 
considered within experimental error limits.  
 
5.3.5. High Molecular Weight Effect 
 
It is useful to compare the effects of annealing for the sorption and transport 
properties at low (350C) temperature for work done earlier by Staudt-Bickel [1]. 
Moreover, since we are performing our mixed matrix mixed gas work at 350C, it is 
important to characterize and benchmark pure film work at 350C. Propylene sorption was 
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The experimental results were then fit with the dual mode sorption model. 
Comparisons of Staudt-Bickel’s result and this research study are shown in Figure-5.18 
and Tables- 5.11, 5.12.  
 
 












Staudt-Bickel 0.20 ± 0.05 27.5 ± 4.03 0.20 ±0.1 
This-Study 0.26 ± 0.03 20.3 ± 1.78 0.24 ± 0.05 
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>2000C 0.9 ± 0.05 Low 0.193 16.0 4.73  
This-
Study 
2100C 0.7 ±0.05 High 0.168 19.0±1.0 4.16  
 
 
If we compare permeabilities in these two cases, we can clearly see that in this 
study we have a reduced permeability (P decreased by 22%). Our calculated D and S 
values allowed us to see the percentage decrease in D and S. As shown in Table-5.12, we 
see that both diffusivity and solubility play equal roles in decreasing the permeability. 
The only real difference between Staudt-Bickel’s film and these films is the molecular 
weight difference of the polymer. Since we now have an improved method to synthesize 
the polymer, we can consistently produce high Mw and low PI polymer. Due to this high 
molecular weight, there are less chain ends and hence free volume in the material is 
lower.  While it is surprising that this subtle difference in polymer properties translates to 
the significant permeability and even selectivity properties, it is well known that the 
synthesis and the drying processes play an important role in the permeability and 
selectivity of a particular gas pair. Moreover, the quenching technique after annealing the 
film at a higher temperature (cooling down the film under vacuum versus exposing the 
film to atmosphere right after annealing) might play a role in the CH’ values and hence in 
the overall sorption values which is also reflected in a lower CH’ in this study. Also, 
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depending on the casting technique during the dense film development, the initial CH’ 
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Figure-5.19: Propane sorption isotherm at 350C. □ – annealed Staudt-Bickel (dried at 

















Staudt-Bickel 0.20 ± 0.07 20.0 ± 9.27 0.12 ±0.16 
This-Study 0.20 ± 0.016 11.35 ± 0.96 0.22 ±0.06 
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Sorption of propane was also performed at 350C and the results are presented in 






















>2000C 0.0563 Low 0.141 16.0 0.40 
This-
Study 
2100C 0.037±0.005 High 0.104 19.0±1.0 0.35  
 
  
 Figure-5.19 shows the sorption data for Staudt-Bickel and this study. We 
observed a decrease in propane permeability relative to Staudt-Bickel (decreased by 
34%). Similar Tables were constructed as before, and as seen, sorption values decreased 
by 26% between Staudt-Bickel and this study. Diffusivity decreased by 12.5%.  In this 
case, sorption values were affected more than the diffusivity values. The main reason 
might be again coming from the annealing process and the molecular weight effect. At 
this point further study is needed to firmly conclude the causes for this effect. As 
mentioned earlier, dense film properties depend on casting, drying and annealing 
techniques besides high molecular weight. Based on the above preliminary results it was 
concluded that the combined effect of high molecular weight and film drying techniques 
played a significant role in suppressing plasticization even at a lower test temperature.  
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An in depth control study is required to determine the reason of this behavior but 
it is unfortunately outside of the scope of this research. Once we established the 
successful plasticization suppression at high temperature and benchmarked our work at 
350C, the next objective was to successfully incorporate the molecular sieve material in a 
mixed membrane environment. Chapter-6 describes the development and successes of 
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 This chapter describes the efficacy of mixed matrix membranes for increasing the 
permeability-selectivity tradeoff performance of mixed matrix material beyond the 
existing pure polymer upper bound performance. 
 The first part of this chapter describes the importance of polymer-molecular sieve 
matching required for a successful mixed matrix membrane. A brief review of the use of 
AlPO-14 to separate propylene/propane via pressure swing adsorption by UOP has been 
described. The later part of this chapter describes the success of this research in 
incorporating AlPO-14 into 6FDA-6FpDA polymer to enhance the selectivity and 
permeability. Characterization of pure sieve properties at 350C has been discussed in 
detail. Both pure and mixed gas results have been discussed. Mixed gas results were 
measured at two different temperatures (350C and 700C). Results from Chapter-5 have 
been used as pure film properties for model prediction. Experimental results have been 







6.2. Separation With Mixed Matrix Membranes 
 
As described in Chapter-2, the propylene/propane upper bound curve shows that 
the performances of pure polymer membranes are on or below the upper bound line 
(Figure-6.1) [1]. On the other hand, inorganic materials have excellent membrane 
separation properties. Hybrid or “Mixed Matrix” materials comprising a mixture of 
inorganic domains in a traditional organic polymer are excellent candidates to overcome 












Figure-6.1: C3H6/C3H8 experimental upper bound based on pure gas permeation data 
over the range 1 – 4 atm feed pressure.  □ = 100oC, ■ = 50oC, ● = 35oC, ▲= 30oC, ♦ = 




































The most common description of the performance of such materials is given by the so-
called “Maxwell Model” (Equation-6.1), viz. 
 














PPPPPP                         [6.1] 
Where P is permeability, ΦD is the volume fraction of the dispersed phase, the MM 
subscript refers to the mixed matrix membrane, the M subscript refers to the continuous 
matrix, and the D subscript refers to the dispersed phase present at a volume fraction of 
ΦD.   The selectivity of the hybrid for component A vs. B is simply the ratio of the 




P , determined using PCA and 
PCB from Equation. Research conducted to date on mixed matrix membranes has focused 
on combination of a solid molecular sieving phase, such as zeolites or carbon molecular 
sieves, with a processable bulk polymer matrix. For optimum results, the sieving phase in 
solid/polymer mixed matrix media should have a selectivity that is significantly larger 
than the pure polymer. Addition of a small volume fraction of sieves to the polymer 
matrix, therefore, increases the overall separation efficiency significantly. The concept of 
mixed matrix membranes has been demonstrated at UOP [2] in the mid 1980’s using 
silicalite/cellulose acetate mixed matrix membranes for CO2/H2 separation.  
 
 Zeolites have been the most commonly used solid fillers in mixed matrix work. 
The ideal mixed matrix membrane will exhibit both an increase in selectivity and 
permeability as the solid phase volume fraction is increased, and the Maxwell model can 
be used to estimate these separation properties [3]. This is illustrated in Figure-6.2. For 
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example, starting with pure 6FDA-6FpDA polymer which is under the upper-bound 
curve, the mixed matrix permeability and selectivity will follow the Maxwell model as 
shown (for 20, 30 and 40 wt% loading). Different starting permeabilities for molecular 
sieves (propylene/propane selectivity was 100 in all cases) were considered and are 
shown by different sets of colors. The index in Figure-6.2 shows the starting 
permeabilities in Barrer for each color. For example red represents mixed matrix with 
starting molecular sieve permeability of 1 Barrer. Similarly, green points represent 
molecular sieves with 2 Barrer permeability and 100 selectivity. The values of 






















Figure-6.2: A graphical representation of mixed matrix membrane transport properties 
for propylene/propane separations. Selectivity = 100 for every case with pure sieve 
permeabilities 1-10 Barrer cases illustrated for Maxwell model. 
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This example demonstrates the importance of the intrinsic molecular sieve 
properties for any particular gas pair separation. A closer look at Figure-6.2 reveals that 
there is a maxima of selectivity achieved via mixed matrix membranes at a given loading 
(ФD). In this particular example a maxima was noticed around ~4 Barrer sieve 
permeability (magenta points). As the permeability via molecular sieve increases, gases 
prefer to permeate through the molecular sieves instead of the polymer matrix ultimately 
turning the matrix as plugged surface. In other words, from Equation-1, PMM 0, at all 
ФD values for PM/PD  0.  
 
Characterization of AlPO-14 at 350C was done to depict the mixed matrix 
behavior. These characterization values were used to fit with Maxwell and Cussler model 
to predict the enhancement. The next section describes some of the characteristics and 
properties of AlPO-14.  
 
6.3. Characterization of AlPO-14 
6.3.1. AlPO-14 For Propylene/Propane Separations 
 
As described in Chapter-2, AlPO-14 has been successfully used for propylene 
propane separations via pressure and vacuum swing adsorption experiments by UOP [3,    
5]. Padin et al demonstrated that propylene/propane separation is favorable with 
equilibrium isotherm since almost no amount of propane was sorbed by AlPO-14 [6]. 
Following the success of AlPO-14 in commercial PSA applications, characterization of 
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AlPO-14 was done at 350C to determine the compatibility with 6FDA-6FpDA as polymer 
matrix.  
 
The frameworks for AlPO-14 are mainly composed of both tetrahedral AlO4 and 
PO4 units. It is an 8-member ring zeolite with the chemical composition of Al8P8O32.  
One interesting characteristic of AlPO-14 is that it has four crystallographic orientations. 
Figure-6.3 shows the diffusion paths for AlPO-14 molecular sieve. As we can see, there 
are four possible directions of diffusion through AlPO-14. The most important feature of 
AlPO-14 molecular sieves is the pore size opening. Table-6.1 shows the pore size 
window openings at the above mentioned four different crystallographic directions [7]. 
Propane and propylene molecular diameters are shown in Figure-6.4 [8]. Due to the 
double bond in propylene, there is a “nose” like structure that facilitates propylene 






Figure-6.3: AlPO-14 diffusion paths. Single cage bounded by eight 8-rings, consisting of 
4 pairs oriented along the four shown crystallographic directions [7] 
  
 







[1,1,-1] Magenta 3.4 x 3.5 
[0,0,1] Gold 2.8 x 4.1 
[0,1,0] Blue 2.1 x 4.9 





Figure-6.4: Propylene and propane molecules [8]. 
 
 From Table-6.1 and Figure-6.4 it is clear that there is only one pore window 
aperture feasible for propylene selective diffusion. The channel direction is in [1, 1-1] 
trajectory direction, indicated by magenta color in Figure-6.3. All the pore window 
apertures essentially exclude propane from entering the AlPO-14 framework. Thus 
AlPO-14 is the ideal molecular sieve for propylene/propane separations. Figure-6.3 
shows the unit cell structure of AlPO-14.  Once the pore window apertures were 
determined, the energy barriers at each pore openings were then examined to determine 
the separation performance of AlPO-14 for propylene/propane separation. Figure-6.5 (a) 
– (d) shows the relative energy barrier for propylene and propane for the above 









Figure-6.5: Energy profiles through the four difference 8-ring pore openings in AlPO-14 
determined by molecular mechanics [7]. Trajectories were along (a) <100> (b) <010> (c) 





Figure-6.6: Left: Summary of diffusion energy barriers for propylene and propane in 
four different directions. Right: pore openings along the only favorable diffusion paths 
are shown by yellow areas [9]. 
 
For determining the propylene/propane selectivity, we referred to the activation 
energy data. From Figure-6.5 and Figure-6.6, it is clear that the propylene/propane 
separation is possible via only one pore (<1, 1,-1>). Selectivity was calculated as follows 
from the differences in energy barriers (propylene = 15 kcal/mol and propane = 22 
kcal/mol from Figure-5); 
 
                               7000exp 92779.R Tα
⎡ ⎤= =⎣ ⎦    [6.2] 
 
Energetically, propylene diffusion “jumps” are much more favorable than propane. The 
above calculated selectivity value was used for mixed matrix membrane separation 
performance via Cussler and Maxwell model predictions. In Figure-5, the unit cell of 
AlPO-14 can grow in “x-y” (    x       y)    plane to add more unit cells faster than it can 
grow in z (   ) direction. Hence, to model AlPO-14 with Maxwell and Cussler models, a 
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plate of thickness “L” was created (Figure – 6.7 (b)). The effective minimum path for 
propylene diffusion is in the direction shown in 6.7 (b) by arrows (defined as L’). Since 
this direction is not perpendicular to the “x-y” plane, Figure-6.7 (c) was drawn to show 















Figure-6.7: (a) Only favorable diffusion paths of propylene are shown by yellow areas 
[9]. (b) An equivalent parallelepiped of thickness “L”. (c) Representation of the same 











Once the characteristic length was determined by the above method, sorption 
experiments were then performed with AlPO-14 molecular sieves.  These experiments 
were then used to determine diffusivity and solubility performance of propylene and 
propane with AlPO-14 at 350C. The next section describes these results.  
 
 
6.3.2. Equilibrium And Kinetic Sorption Experiments 
 
AlPO-14 samples were supplied by UOP for this research. Figure-6.8 shows the 
SEM images of the samples used for this work. A pressure decay sorption method was 
used for the sorption measurements. Both kinetics data and the sorption isotherms were 
measured on the same sample at 350C.  As mentioned earlier, there is only 1-dimensional 
diffusion possible for AlPO-14 with propylene and if at all with propane (in <1, 1, -1> 
direction. One micron long characteristic dimension was considered based on the 






Figure-6.8: SEM images of AlPO-14 used for this research. 
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 Figure-6.9 shows the sorption isotherm of AlPO-14 at 350C test temperature. 
Prior to loading in the sorption cell, the molecular sieves were dried at 1500C in a 
vacuum oven overnight to remove any moisture from the sieve particles. In the case of 
molecular sieve materials, there is no Henry’s densified region. The sorption in this case 
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The propylene isotherm was then modeled with Equation-6.3. Table-6.2 shows the 
sorption parameters for this case.  
 





cc (stp)/cc pol. 
b psia-1 S (C/p) @ 29.4 
psia 
cc (stp)/cc.cmHg 
AlPO-14 63.51 ± 2.16 0.43± 0.06 0.387± 0.04 
 
 
To estimate the diffusivity of the AlPO-14 molecular sieves, kinetic data was 
collected through data acquisition. To determine propylene diffusivity, a plot of Mt/M∞ 
with square root of time was constructed. Figure-6.10 shows this plot. We then 
determined the exact time when Mt/M∞ = 0.5. Since AlPO-14 is a high aspect ratio 
particle, it was then considered to be as a slab and Dpropylene (cm2/sec) was calculated. In 
case of a 1-dimensional diffusion into an object with characteristic thickness dimension 
of  l, the equation for diffusion constant is: 43.0.2 =l
tD  [10].  
If we consider that our half-time is 5s (Figure-6.10), our calculated D is 3.87 x 10-10 
cm2/s (considering one micron long characteristic dimension. As demonstrated in Figure-
















SQRT Time (sec)1/2  
Figure-6.10: Propylene kinetic sorption at 350C. 
 
A comparison of P, D and S values between pure polymer and molecular sieve is 
shown in Table-6.3. An excellent polymer-sieve matching can be observed in this 
particular case. Propylene is more soluble in AlPO-14 than in 6FDA-6FpDA pure 
polymer, although it has a lower diffusion coefficient. Permeability of propylene in 
AlPO-14 is almost double that of  pure polymer, due to its higher solubility. Similar 
sorption experiments were performed with propane, but no significant change in mass 
was observed for more than seven days. Hence it was concluded, propane cannot enter 





Table-6.3: Calculated propylene permeability, diffusivity and solubility for Pure-6FDA-
6FpDA and AlPO-14 at 29.4 psia and 350C 
 
Material  Propylene 
Permeability 
(Barrer) 




Pure-6F-6F 0.7 ± 0.05 0.168 4.2 x 10-10 
AlPO-14 1.42 0.387 3.69 x 10-10 
 
 
After successfully characterizing AlPO-14, mixed matrix membranes were 
prepared and tested with pure gas and mixed gas feeds for propylene/propane separation 
performances. The next section describes the pure gas mixed matrix membrane 
experimental and modeling results.  
 
6.4. Mixed Matrix Membrane – Pure Gas Results at 350C 
 
Mixed matrix membranes (MMMs) were prepared with ~ 15 wt% of AlPO-14 
(one film was prepared with 13 wt%) in 6FDA-6FpDA polymer matrix. All the cast films 
were annealed at 2100C around 18 hours to be consistent with the pure film work. Figure-
6.11 shows the mixed matrix pure gas results. Three different films were tested for from 
three different cast films for repeatability of the mixed matrix membrane results. As 
shown in Figure-6.11, the MMM results were highly reproducible with very close 
permeability and selectivities. Enhancements in both permeability and selectivity were 
observed in this case. This was for the first time permeability and selectivity 
enhancement via mixed matrix membrane for propylene/propane separations has been 
reported according to our best knowledge.  
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Figure-6.11: Pure gas mixed matrix results. Permeation tests were performed at 2 atm 
upstream pressure and 350C temperature 
 
Table-6.4 shows pure gas permeation results and the comparison between pure 
film and mixed matrix results. In case of mixed matrix membranes, diffusivity coefficient 
(D) was calculated from the the time-lag recorded during permeation test, therefore there 
might be some small error associated with this calculation; especially with the slower gas 
propane. The tested films were around 3.2 mils in thickness. At this film thickness, the 
propane flux was very low, making it hard to pin-point the time-lag. Hence, the 









Table-6.4: Pure gas permeability, selectivity, diffusivity and solubility values for pure 
film and mixed matrix membranes (29.4 psia, 350C) 
 





D (cm2/s) S 
(cc.(stp)/cc.cm 
Hg) 
Mixed Matrix 0.97±0.01 27±1.0 4.11 x 10-10 0.233±0.02 
Pure Film 0.70 ± 0.05 19±1.0 4.20 x 10-10 0.168±0.04 
 
  
As shown in Table-6.4, the main enhancement in propylene permeability comes 
via enhanced sorption capacity of mixed matrix membrane with respect to the pure film. 
This agrees with previous observation in Table-6.3 that AlPO-14 molecular sieve has a 
much higher sorption coefficient value than the pure film propylene. Table-6.5 shows 
mixed matrix membrane values calculated from permeability and diffusivity (P = D.S) 
for propylene and propane. Pure film data were taken from Chapter-5. Pure film data are 
shown in Table-6.6 for comparison.  
 
 
Table-6.5: Mixed matrix membrane permeability, diffusivity and solubility for propylene 




S (cc.(stp)/cc.cm Hg) D (cm2/s) 
Propylene 0.97±0.01 0.233±0.02 4.11 x 10-10  







Table-6.6: Pure film permeability, diffusivity and solubility for propylene and propane 




S (cc.(stp)/cc.cm Hg) D (cm2/s) 
Propylene 0.7±0.05 0.168±0.04 4.20 x 10-10 
Propane 0.036±0.005 0.104±0.02 3.6 x 10-11 
 
 
As shown in Table-6.5 and Table-6.6, propylene sorption coefficient value 
increased from 0.168 cc. (stp)/cc.cm.Hg to 0.233 cc. (stp)/cc.cm.Hg in mixed matrix 
membrane, whereas the sorption coefficient value of propane decreased from 0.104 cc. 
(stp)/cc.cm.Hg to 0.095 cc. (stp)/cc.cm.Hg. These values again agree with previous 
observations with pure AlPO-14 sieve materials.  
 
To explain the excellent enhancements in permeability and selectivity (Figure-
6.11), pure AlPO-14 and pure 6FDA-6FpDA values were then used to fit in Maxwell and 
Cussler transport models. The next section describes model predictions and their 
interpretation for the current work. 
 
6.4.1. Mixed Matrix Membrane Results – Maxwell and Cussler Models  
 
As described earlier, the most common description of the performance of mixed 
matrix materials is given by the so-called “Maxwell model” (Equation-6.1). Table-6.7 
shows the values used to calculate Maxwell model predictions. Figure-6.12 shows the 
Maxwell model predictions along with experimental results. 
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α (Selectivity) Density 
(gm/cc) 
Pure polymer 0.7 19.0 1.466 








Pure Film - Experimental








Propylene Permeability (Barrer)  
Figure-6.12: Comparison of Maxwell model and pure gas mixed matrix experimental 




As seen in Figure-6.12, the Maxwell model underestimates the permeability and 
selectivity of 6FDA-AlPO-14 mixed matrix membrane performance. Both permeability 
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and selectivity are lower than what we observed with pure gas experimental results 
Maxwell Model is a good representation when the particle aspect ratio is equal to unity. 
As shown in the SEM images (Figure-6.8), AlPO-14 is a high aspect ratio molecular 
sieve. Therefore to correctly handle this geometry, we considered an alternative model. 
The Cussler model is more appropriate [11]. As described in Chapter-2, the Cussler 































                                   [6.4] 
  
where J0 is pure polymer flux across the membrane, J is the flux across the mixed matrix 
membrane. Ф is the volume fraction of the sieve in the mixed matrix membrane, AR is 
the sieve aspect ratio (defined as W’/L’ from Figure-6.7 (c)) and δ is the ratio of 
diffusivity coefficient of polymer to sieve. Please note that in the original Cussler 
equation, a term α was used instead of AR and was defined as α = AR/2. Throughout this 
work α has been used to describe the selectivity, hence the new term AR was introduced 
to avoid any confusion. The above equation was then used to calculate the potential 
transport enhancements. As seen in Figure-6.8, it is hard to determine the original aspect 
ratio for this particular material, because the range of aspect ratio is broad in this case. 
Permeabilities were predicted using the Cussler model for AR values of 2 to 20.  
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Figure-6.13 shows the Cussler model prediction from two approaches. First, it 
was assumed that the selectivity enhancements are as a result of the diffusivity 
differences in propylene and propane. In this case, the left side of Equation-6.4 was 
replaced by P0/Ppropylene (P0 = propylene permeability in pure polymer and PPropylene = 
calculated propylene permeability in the mixed matrix membrane). Since all the terms on 
the right hand sides of Equation-4 are known (for example, δ = 0.493, Ф= 0.128, P0=0.7) 
PPropylene was then determined. This calculation was done for a range of AR (AR=2 to 
AR=20). Similar calculations were then performed for propane using values from Table-
6.6. Selectivity was calculated for a particular AR simply by taking ratio of PPropylene and 
Ppropane.  In Figure-6.13, the red points are calculated propylene permeability and 
propylene/propane selectivity. The arrow shown is the increasing direction of AR starting 
from 2 (the lowest red points) to 20 (the top most points).  
 
One problem we observed with this standard Cussler model prediction was that 
the enhanced sorption capacity of AlPO-14 sieve was not considered as part of the model 
prediction. A second calculation was done with the enhanced sorption coefficients for 
propylene in AlPO-14. In this method, instead of P0/PPropylene, we more correctly 
interpreted Equation-4 as the diffusion ratio D0/DPropylene. The value of D0 is listed in 
Table-6.6. Once we had the predicted DPropylene in mixed matrix membrane from 
Equation-4, it was then multiplied by the enhanced sorption capacity (SPropylene = S0(1-Ф) 
+ SAlPO-14.Ф) for propylene. Table-6.3 and Table-6.6 values were used for this 
calculation. Similarly DPropane and SPropane were determined by Equation-6.4. Lastly, 
PPropylene/PPropane were calculated by  (DPropylene.SPropylene) /(DPropane.SPropane).   
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In Figure-6.13, the blue points are the permeability and selectivity calculated with 





Cussler Model (without solubility enhancement)







Propylene Permeability (Barrer)  
Figure-6.13: Cussler model predictions for AR=2 to AR=20. Red dots are the predictions 
without enhanced sorption coefficients. Blue dots are the predictions with enhanced 
sorption coefficients. Experimental result with pure gas is also shown. AR increases from 
the bottom to the top. 
 
  
As shown in Figure-6.13, the two different methods of calculating permeability 
predicted somewhat different results. The enhanced sorption capacity of the mixed matrix 
membrane is a key factor; therefore the second method of calculation is a better fit (the 
blue points with modified Cussler model) for this particular mixed matrix membrane 










estimated for the current work. A closer look at Figure-6.13 reveals that the experimental 
selectivity matches with an AR value of around 5-6. This seems within a reasonable range 
based on the SEM images of the dispersed AlPO-14 sieves (Figure-6.8). However, the 
observed experimental permeability is lower than predicted by the Cussler model. This 
observation will be addressed in the last section of this chapter. The next section 
describes the mixed gas permeation results for the same mixed matrix membranes. 
 
6.5. Mixed Matrix Membrane – Mixed Gas Results at 350C 
 
Following the success with pure gas tests on mixed matrix membrane, mixed gas 
(with 50/50 and 75/25 propylene/propane mixture) feeds were then used to test the 
permeability and the selectivity of the dense film mixed matrix membrane in a more 
realistic environment. These results were compared with pure film mixed gas results 
(described in Chapter-5). Mixed gas permeates were sent to a GC and the ratio of areas 
was used to determine the selectivity. Chapter-3 has the details of the GC set-up. Figure-
6.14 shows the pure film and mixed matrix membrane results with propylene/propane 
mixed gas. We observed enhanced selectivity (selectivity increased by 30%). However, 
the observed mixed gas selectivity was lower than the pure gas mixed matrix selectivity 
(selectivity decreased from 27.0 to 18.5). This observation is in accordance with reported 
results in Chapter-5, where a decrease in selectivity from pure gas to mixed gas was 
observed (around 24% decrease was observed in the case of pure polymer film mixed gas 
permeation tests). This result is still very promising, and in our best knowledge this is the 
first time selectivity enhancement with mixed matrix membrane has been observed with 
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propylene/propane separations. Moreover, as discussed in Chapter-5, we again observed 












Figure-6.14: Mixed matrix membrane mixed gas experiment results (50/50 and 75/25 
propylene/propane mixture). Experiments were done at 350C and around 2 atm propylene 
upstream pressure 
 
Although in the case of mixed gas permeation (Figure-6.14) the experimental 
point is below the upper bound, it is worth pointing at that the upper bound curve was 
constructed with the pure gas permeation data and at 500C. It is well known that generally 
with 6FDA based polyimides, propylene/propane mixed gas selectivity is lower than the 
pure gas selectivity, so the upper bound of mixed gas experiments is much lower than the 
pure gas upper bound. 
10
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6.5.1. Mixed Matrix Membrane Mixed Gas Results – Cussler Model  
  
Once we successfully demonstrated that the mixed matrix membrane has 
enhanced selectivity and permeability, even in the mixed gas environment, the Cussler 
model was then used to predict the expected mixed gas selectivity and permeability. In 
this case, a couple of approximations were adopted. Table-6.8 shows the values used for 
the model prediction. As shown in Table-6.8, propylene permeability and 
propylene/propane selectivity for pure polymer mixed gas experimental values were used 
for calculation. Unfortunately, we are currently not equipped to perform mixed matrix 
mixed gas sorption experiments. Hence, pure AlPO-14 permeability and selectivity 
values were used. Figure-14 shows the calculated selectivity and propylene permeability 
for mixed matrix mixed gas experiments. Moreover, we assumed that AR=5. As described 
in the previous section, the blue solid point represents the selectivity with enhanced 
sorption coefficient. The red point represents the enhanced selectivity prediction where 
the flux expressions were directly replaced by the permeabilities. As shown in Figure-
6.15, the experimental data point falls in between these two values. It is also noticeable 
that the permeability value is within 10-15% range of the two predicted permeabilities. In 
the case of selectivities, the Cussler model prediction with enhanced sorption coefficients 
has a higher predicted selectivity (25% higher value was predicted than the 











α (Selectivity) Density 
(gm/cc) 
Pure polymer 0.55 14.5 1.466 












0.5 0.6 0.7 0.8 0.9 1
Mixed Gas - Experimental
Cussler Model - w/o solubility enhancement







Propylene Permeability (Barrer)  
 
Figure-6.15: Mixed matrix membrane mixed gas experiment results (50/50 and 75/25 
propylene/propane mixture) at 350C and 2 atm propylene upstream pressure. Cussler 
model predictions are shown in red and blue dots. Red dot is without enhanced sorption 
coefficient. Blue dot is the prediction with enhanced sorption coefficient. Experimental 





Figure-6.16: SEM image of 6FDA-6FpDA and AlPO-14 mixed matrix membrane. 
 
 
Figure-6.16 shows the polymer-sieve adhesion observed under SEM. As seen 
from the figure, and especially from the permeation results, we were able to achieve good 
adhesion between the polymer and the AlPO-14 sieve without any surface modification. 
We believe that this good adhesion is due to the less hydrophilic and less acidic nature of 
AlPO-14 which helps in polymer-sieve interaction and hence success in mixed matrix 
membrane mixed gas experiments.  
 
One of the main assumptions in the Cussler model is that the high aspect ratio 
molecular sieves are perfect platelets with permeation in the direction normal to the 
shortest axis. But in practical cases, it is hard to determine whether the sieves are in 
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perfectly parallel to each other or not. Although the casting process might have some 
influence on aligning the sieves in an ordered manner, nevertheless, it is “less-perfect” 
than as described in the Cussler model. In that case, it is not possible to achieve as high 
selectivity as predicted by the Cussler model (even accounting for an enhanced sorption 
coefficient). Moreover, the effect of high aspect ratio particle is most useful when the 
selective pathway for the fast gas is in the perpendicular direction ([0,0,1] trajectory 
direction). As shown in Figure-7 (a), (b) and (c), this particular molecular sieve is not 
selective in that direction. Instead, [1,1,-1] is the favored trajectory. As a result the fast 
gas also becomes relatively slower since it has to travel a longer pathway. These facts 
may explain our experimentally observed lower selectivity than predicted by the original 
model. More work is needed to be done to carefully include all the non ideal behaviors in 
a mixed matrix environment based on these very promising preliminary results. The next 
section describes the results obtained from 700C mixed matrix permeation tests. Only 
mixed gas experiments were performed and the findings are described below.  
 
 
6.6. Mixed Matrix Membrane Results – Mixed Gas – 700C 
 
In the previous section, successful enhancement of propylene/propane separation 
with mixed matrix membrane has been demonstrated. Moreover, like pure film results 
(Chapter-5) and mixed matrix membranes, no onset of plasticization with mixed matrix 
mixed gas experiments was observed. The same mixed matrix membranes were further 
tested at 700C with propylene/propane 75/25 mixture. To maintain consistency, we pulled 
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downstream vacuum on the mixed matrix membranes used for 350C experiments. We 
waited at least six times longer than the original propane time-lag before starting the high 
temperature permeation experiments. Two different films were tested with 75/25 
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Propylene Permeability (Barrer)  
Figure-6.17: Mixed matrix membrane permeation tests at 700C. Pure gas and mixed gas 





Again also permeability and selectivity enhancements were observed. Our 
observed selectivity increased by 18% and the propylene permeability increased by 34%. 
To further test any effect of high temperature permeation, the system was evacuated after 
each permeation test and then mixed gas experiments at 350C were repeated with 50/50 
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propylene/propane to note any anomaly. Successful reproduction of the previous results 





In this chapter, mixed matrix membranes were formed with 6FDA-6FpDA as the 
polymer matrix and AlPO-14 as the molecular sieve material. AlPO-14 was chosen due 
to its success with PSA and VSA for propylene/propane separations. AlPO-14 is a unique 
molecular sieve which is one dimensional for propylene and almost excludes propane 
from entering the interior cage. Permeation results with pure and mixed gases at 350C 
showed very promising enhancements in both propylene permeability and 
propylene/propane selectivity. According to our best knowledge, this is the first time 
enhanced selectivity and permeability were achieved in a mixed gas environment for this 
gas pair using the mixed matrix hybrid material approach. The main observation we 
would like to highlight was the excellent polymer-sieve matching. A 6FDA-6FpDA-
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CHAPTER 7 
SUMMARY AND RECOMMENDATIONS 
 
7.1. Summary and Conclusions 
 
As mentioned in the first chapter, the goal of this project was to develop a mixed 
matrix membrane with enhanced properties for propylene/propane separations. To start 
with the project, one of the high performance 6FDA based polyimides was identified as 
the polymer matrix for the rest of the project (objective-1). The chosen polymer (6FDA-
6FpDA) was successfully synthesized in the laboratory.  
 
During the synthesis process the key objectives for high molecular weight and 
low polydispersity index polymer were identified. High molecular weight 6FDA-6FpDA 
was synthesized via two different methods – chemical imidization and thermal 
imidization. The thermal imidization process was preferred initially since it produces 
high molecular polymer without any isoimide formation. unfortunately, with the thermal 
imidization process, a white precipitation was observed, which turned the polymer-
solvent solution murky in nature, making it difficult to work with. This precipitation is 
believed to be the polymer/oligomer crosslinked due to the heat treatment during thermal 
imidization process [6].  
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At that point, chemical imidization with a different catalyst (a weaker base beta-
picoline was used instead of TEA) was done with a post treatment of high temperature 
heating under vacuum.  This modified method consistently produced high molecular 
weight, narrow PI polymer with a clear solution. Currently, this method is being 
implemented in our laboratory for other polyimides with excellent results. The results 
related to this objective have been described in Chapter-4. 
 
After successful synthesis of the high performance polymer, pure polymer dense 
films were tested for transport properties. One problem identified with 6FDA-6FpDA 
polymer films for propylene/propane separations was plasticization. The aim of the 
second objective of this research was to develop a method for plasticization suppression. 
Initially, permeation and sorption tests on pure polymer dense films were done to 
benchmark the transport properties and observe the reproducibility. The results were 
quite satisfactory at par with previous researches.  
 
A careful annealing control study was first performed to optimize the annealing 
temperature of a newly cast membrane. Oxygen and nitrogen permeabilities and 
selectivities were used as benchmark gases. Once the annealing temperature was 
optimized, propylene propane permeations with elevated temperature (700C) were 
performed which showed plasticization suppression until 70 psia for pure propylene gas 
and 42 psia (propylene upstream pressure) in the mixed gas environment. The annealing 
approach even worked at 350C test temperature, showing no sign of plasticization until 42 
psia of propylene upstream pressure (Chapter-5).  
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To the best of our knowledge, this is for the first time plasticization suppression 
was achieved with pure polymeric membrane material for propylene/propane separations 
with pure and mixed gases. The observed mixed gas experimental selectivity was lower 
than the pure gas selectivity which was explained by the combination effect of dual mode 
and bulk flow effect.  
 
The last objective of this project was to successfully incorporate molecular sieve 
materials to form a mixed matrix membrane hybrid material with enhanced transport 
properties (Chapter-6). First, an ideal molecular sieve for propylene/propane separation 
was identified and characterized. AlPO-14 was chosen for this research following its 
success with propylene/propane pressure swing adsorption.  
 
AlPO-14 has a unique structure where it excludes propane via steric hindrance, 
while allowing propylene to diffuse through. Characterizations of AlPO-14 molecular 
sieve at 350C were done to estimate the transport properties with propylene and propane 
gases. Mixed matrix membranes were successfully produced and tested for enhanced 
transport properties. Both pure and mixed gas results showed promising results with 
enhanced propylene permeability and propylene/propane selectivity. The experimental 
results were modeled with the Cussler and Maxwell models. A modified Cussler model 
was presented in this work. This is the first time an enhancement in the transport 
properties with mixed matrix membrane for propylene/propane separations has been 
observed. This fundamental dense film work holds a bright future for the scale up of 




While this research was successful in producing hybrid membrane material with 
enhanced separation performance using a high performance polymer matrix, to improve 
the industrial viability some of the areas still need to be explored and developed. Several 
of these potential research areas are listed below.  
 
7.2.1. Mixed Matrix Membranes With Higher Loading  
 
The current research was performed with 13-16 wt% AlPO-14 loading in polymer 
mixed matrix membrane. Although the selectivity obtained from the mixed matrix 
material was very promising (at 350C the mixed gas selectivity was 18.5), yet this 
selectivity is not enough to generate research grade propylene (>98% pure starting with 
70/30 propylene/propane mixed feed, for polypropylene production). At this point, the 
purity from our mixed gas result is ~95%. Increasing the molecular sieve loading 
percentage in the polymer matrix is expected to increase the selectivity and permeability. 
Figure-7.1 shows the modified Cussler model [1] prediction with higher molecular sieve 















Propylene Permeability (Barrer)  
 
Figure-7.1: Cussler model prediction for high loading mixed matrix membrane with 
6FDA-6FpDA-AlPO-14 hybrid material. 
 
As seen from Figure-7.1, it will be really promising to be successfully able to 
produce high loading mixed matrix membranes.  
 
7.2.2. Pure Polymer Asymmetric Hollow Fiber 
 
One of the final developments of the economically viable membranes is the 
hollow fiber membranes. There are multiple challenges that are present in hollow fiber 
spinning process, which are not present in the dense film development work. A 
significant research has been done to identify some of the key challenges in relatively 
rigid material hollow fiber spinning, which can use as the starting point [4, 2]. After 




realistic environment, propylene/propane mixed gas enters the column at a high 
temperature, high temperature testing (~up to 900C) should be performed. Although at 
very high temperature plasticization is expected to be suppressed until higher pressure 
than observed in 350C and 700C, mixed gas propylene/propane permeation tests should 
also be performed at higher pressure also (up to 250 psia) to observe any onset of 
plasticization. At high feed pressure, covalent crosslinking has been shown to increase 
plasticization resistance in dense films and asymmetric hollow fibers by suppressing the 
degree of swelling and segmental chain mobility in the polymer, thereby preserving the 
selectivity of the membrane for CO2/CH4 separation [2, 3]. Since CO2 is more 
condensable in nature than propylene or propane, this approach is expected to be even 
more effective to suppress plasticization in the case of propylene and propane at higher 
feed pressure.  
 
7.2.3. Hybrid Membranes As Asymmetric Hollow Fibers 
 
There are several important parameters for spinning hybrid asymmetric fibers. 
Recent work by Husain was able to identify and solve several of these problems 
successfully, but there are still several areas in need of further development [4].  Since in 
asymmetric hollow fiber the selective layer is very thin, even small agglomerations of the 
molecular sieve particles will greatly reduce the selectivity of the membrane. Moreover, 
the phase separation process that is used to form the asymmetric structure of the hollow 
fibers can be impacted by the presence of the small sieve particles. In that case although 
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absent in dense films, new morphological defects especially, voids may form in the 
hollow fiber. Further work in this area is still needed to spin defect free fibers.   
 
The 6FDA-6FpDA polymer is one of the highest performing polymers for 
propylene/propane separations; however, the monomers used in synthesizing this 
polymer are costly relative to some of the lower performing polymers. For industrial 
application, material cost reduction is important and may be achieved by using dual layer 
spinning technology. In this technology, hybrid polymer may be used in the sheath layer 
with an inexpensive polymer (e.g. cellulose acetate) as in the core layer. The main 
challenge here is the miscibility of the two polymers in dual layer spinning. A simple 
miscibility test with different polymers may be a good starting point for this objective.  
 
7.2.4. Hybrid Membranes As Asymmetric Hollow Fibers – Surface Adhesion 
 
Although in hybrid dense film work excellent polymer-sieve adhesion was 
achieved with (6FDA-6FpDA-AlPO-14), for mixed matrix hollow fiber spinning this 
may be a problem (as mentioned above), thereby possible  needing a molecular sieve 
surface treatment to overcome this problem. Work by Husain showed excellent polymer-
sieve matching without any surface treatment of the molecular sieve with SAPO-34 as a 
molecular sieve in Ultem® polymer matrix due to the low number of acid sites and less 
hydrophilic nature of SAPO-34 sieves (similar to AlPO-14) [4]. At this point it is 
believed that no extra surface modification is necessary, but in the case of any lack of 
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 As Chapter 3 discussed, the 6FDA-6FpDA used in this work was synthesized in 
the laboratory. 4,4’-(hexafluoroisopropylidene) diphthalic anhydride (6FDA) and 4,4’-
(hexafluoroisopropylidene) dianiline (6FpDA) were used to produce a polyimide via 
polycondensation reaction. Before synthesizing, the monomers were sublimed to gain 
high purity. In case of small amount of monomer to be sublimed, a small sublimation 
flask was used. A schematic of the sublimation flask is shown in Figure A.1.  The system 
was held under vacuum. The monomer was then heated in an oil bath with the 
sublimation flask and the cold finger. The monomers were heated around 15-200C below 
the sublimation temperature. The cold finger was maintained at a continuous low 
temperature by the flow of water. The purified monomers were then used for the 
polyamic acid formation.  
 
The polyamic acid synthesis was carried out in 1-methyl-2-pyrrolidone (NMP) 
with ice-water bath for 18-20 hrs.  The reaction was performed in a dried environment. 
All glassware used was dried in a vacuum oven at 2000C overnight and then flame dried 
three times in alternating nitrogen and vacuum atmospheres prior to the start of the 
reaction.  All solvents used were obtained in anhydrous, sure seal containers, and further 
dried by storing over dried molecular sieves (Aldrich, Molecular Sieves, 4A, beads, 8-12 
mesh).  The reaction was performed under positive pressure nitrogen. 
  
 179





Figure A.1 The monomers were purified by sublimation in a glass sublimation flask as 
shown.  The flask was submerged in a heating oil bath on a hotplate to provide the 




For the synthesis reaction, a pre calculated precise amount of diamine was added to the 
reaction flask with 80% amount of total required NMP. The solution was stirred with a 
magnetic egg shaped stir bar. Once all the diamine was dissolved, dianhydride was added 
portion wise and then the remainder NMP was added to the reaction flask. The reaction 
was then carried out for 18-20 hrs with continuous low nitrogen purging.  
 
After the polyamic acid formation, the imidization was performed using chemical 
imidization.  A mixture of acetic anhydride and beta picoline was used to complete the 
imidization reaction. The beta-picoline acted as the catalyst for the imidization reaction 
whereas acetic acid was the dehydrating agent. Beta-picoline was added with the highly 
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viscous polyamic acid solution and mixed well before adding acetic anhydride (drop 
wise). The system was then reacted for 18 hours at room temperature.    
 
The polymer was removed from solution by precipitating into pure methanol. The 
solution was slowly poured into the methanol bath to facilitate complete phase 
separation.  The resulting polymer was then placed in a blender and just covered with 
fresh methanol.  This solution was then blended thoroughly to produce slurry like 
mixture. The slurry was then filtered over a Buchner funnel, and the process was repeated 
three times (until a clear filtered solution was visibly observed). After the final filtration, 
the polymer was dried in a two step process: 1) dry overnight in a fume hood, 2) dry for ≥ 















STANDARD OPERATING PROCEDURE FOR GAS 
CHROMATOGRAPH 
 
Starting the GC 
 
• Open the Helium and Air cylinders connected to the GC.  
• Start the vacuum pump 
• Make sure there is Helium and Air in the cylinder. DO NOT start the GC without 
Helium.  
• Start the GC.  
• Adjust the Helium flow to 30 ml/min  
• Once the GC starts, then set the temperature to your desired sample test 
temperature. You can do it by pushing the “oven temp” knob and the entering the 
desired temp from the keypad followed by “enter”. 
• Once the temperature is set, let the GC warm up for about an hour.  
 
Running the GC 
 
• After 1 hour, the GC is ready for any run.  
• From the permeation system side, collect enough permeate gas to send to the GC 
(ideally 5 torr and above). Try to maintain similar permeate pressures with every 
run.  
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• Once the GC is ready for run, close the isolation valve between the GC and the 
vacuum pump.  
• Immediately, open the valve connecting the system and the GC (this valve will be 
right inside/outside of your permeation box near downstream valve.  
• Once the valve is opened, wait for around 1 min. 15 secs.  
• After 75 secs. Close the valve between system and the GC.  
• Immediately hit the start button on the GC.  
• You will hear two sounds of pneumatic valves around 5 and 20 seconds after you 
have started the run.  
• Open the vacuum pump right after you hear the second pneumatic sound.  
• Wait for the run to be completed.  
• Once the GC finishes the run, the paper will print the statistics.  
• Note down the numbers and adjust it with the calibration value.  
• Wait around one hour before you do the next run. This gives enough time to purge 
out the gases out of the GC column.  
 
Shutting down the GC 
 
• Set the oven temperature to 300C and wait for around 1 hour for the GC to cool 
down.  
• Switch off the GC.  
• After 15 mins, turn the regulators of the cylinders off.  
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Figure B-1 shows the response factor used for this research. Table-B-1 shows the 
















Propylene Composition  
Figure: B-1: Response factor calculated for this study. 
 
 
 
 
 
 
 
 
